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ABSTRACT 
Supramolecular ionic assemblies not only provide alternatives to 
conventional polymers, but also introduce unique and interesting functions for 
the design of “smart” polymeric assemblies for use in a number of fields due to 
their programmable and reversible properties. Research in the area has led to an 
understanding of the connection between molecular contributions and 
macroscopic properties, as well as a range of applications from material 
processing/manufacuturing to energy transfer and storage. 
To this end, we have developed a library of charged building blocks based 
on ionic liquids to create functional supramolecular ionic assemblies. The 
polymeric ionic assemblies prepared from a di-phosphonium and poly (acrylic 
acid) were first studied and found to have the potential to be utilized as “smart” 
materials due to their ability to reversibly respond to stimuli such as temperature 
and pressure. With the interest of elucidating the molecular contributions to the 
bulk macroscopic material properties, six supramolecular assemblies were 
sequentially characterized in terms of thermal, rheological and X-ray studies.  
vii 
The effect of side alkyl chain was found to dramatically change the material 
properties. A second type of supramolecular assembly was investigated based on 
a poly-phosphonium ionic liquid, which was complexed with a number of 
carboxylic acids. The material properties were easily manipulated from a sticky 
fiber to a brittle solid by changing the composition of the carboxylic acid.  A 
crosslinked supramolecular assembly combining ionic interactions and weak 
covalent bonds, specifically disulfide bonds, was next designed and 
characterized. The network properties could be switched between “on and off” 
using mild conditions.  
The polymeric ionic networks and their building block ionic liquids are also 
of interest as safe electrolytes in energy storage devices due to their non-
flammability, non-volatility, etc. We have identified one ionic liquid with 
superior thermal stability, high lithium salt solubility, and good conductivity in a 
lithium metal battery. The prototype battery performed safely at 100 ℃ for more 
than 30 days. Thermally stable Li metal batteries are of interest in the oil industry 
for downhole applications. These studies were extended to an ionic polymer that 
exhibits a lamellar structure as a new polymer electrolyte. 
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CHAPTER 1: Ionic Supramolecular Assemblies 
Adapted from: Ionic Supramolecular Assemblies. Israel Journal of Chemistry, 2013, 
53(8), 498–510.  
 
1.1 Introduction 
1.1.1 Noncovalent Interaction and Development of Supramolecular Assemblies 
Self-assembly - the spontaneous intermolecular association of noncovalent 
interactions, namely, hydrogen bonding, $−$ stacking, metal-ligand 
coordination, ionic interaction, or hydrophobic interaction - enables the 
molecular engineering of large, well-defined chemical systems that are 
kinetically or thermodynamically stable, and is the quintessence of 
supramolecular chemistry.[2] Supramolecular assemblies have been investigated 
since the 1930's. [1] Today, novel polymeric materials are synthesized possessing 
unique structures as a consequence of the noncovalent interactions securing the 
repeat units of the main polymer backbone or the side chains connected to the 
polymer backbone (Figure 1.1). [3-8] The building blocks for supramolecular 
systems are diverse and typically include small molecules, a small molecule and 
a polymer, or distinct polymers, irrespective of the type of noncovalent 
interaction. Figure 1.1 illustrates the structural components used to fabricate 
polymeric supramolecular assemblies and a variety of ways the components can 
self-assemble. The architectures (as well as properties) of supramolecular 
assemblies are controlled by choosing the specific building blocks and the type of 
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noncovalent interaction(s). Each noncovalent interaction has its unique bond 
strength and characteristics, which result in different polymer properties, such as 
degree of polymerization, performance life-time, mechanics, chain dynamics, 
and conformation. [9-13] At the macroscopic scale, supramolecular polymeric 
assemblies are responsive to external stimuli such as temperature and pressure 
in a different manner than conventional polymers because of the reversibility 
built into the structure.[14, 15] The noncovalent bonds are capable of breaking 
when the stimulus is applied and reforming when the stimulus is removed. 
These dynamic, self-healing properties are advantageous for material processing 
and manufacturing as well as for the preparation of functional or responsive 
materials.[16] 
 The noncovalent interactions utilized in the synthesis of supramolecular 
polymeric assemblies are summarized in Figure 1.2 and are compared to 
covalent bonds. In general, covalent bonds are irreversible with bond strengths 
above 60 kcal/mol. Reversible bonds can be generally categorized as medium 
and weak in terms of bond strength. Ionic interaction and metal-ligand 
coordination are relatively strong with bond strengths usually higher than 20 
kcal/mol, but still reversible. The majority of the noncovalent interactions are 
very weak interactions with bond strengths lower than 20 kcal/mol. Hydrogen 
bonding is a weaker interaction than metal-ligand coordination or ionic 
interactions. Although all of these noncovalent interactions are weak at the single 
interaction level, significant collective forces result when many interactions are 
assembled together, leading to more stable structures and interesting properties. 
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1.1.2 Forms of Supramolecular Assemblies 
Supramolecular chemistry is a discipline that was recognized by the 
Nobel Committee in 1987 with the award presented to Donald Cram, Jean-Maine 
Lehn, and Charles Pedersen for their contributions;[17-19] its origins were 
inspired from the structure of biomacromolecules (e.g., DNA), coordination 
chemistry, and receptor mediated processes (e.g., lock and key concept). In the 
early days of supramolecular chemistry, hydrogen bonding and metal-ligand 
coordination were the most extensively used interactions to create assemblies. In 
1990, Lehn et al. reported an assembly between diaminopyridine and uracil 
derivatives via a triple hydrogen bonding motif, and first demonstrated the 
concept of a synthetic supramolecular polymer (Figure 1.3).[20] They took 
advantage of the fact that a single hydrogen bond is weak whereas multiple 
hydrogen bonding can provide sufficient strength and stability. A decade later, 
Meijer et al. reported a hydrogen bond donor/acceptor monomer (2-ureido-
4[1H]-pyrimidinone (UPy) that self-assembled into polymers with appreciable 
degrees of polymerization and polymer-like rheological properties via well-
defined quadruple hydrogen bond dimerization (Figure 1.3).[21, 22] Using this 
strategy, H-bonded materials can be pepared that are elastic (Figure 1.4).[22] 
Given that metal-ligand coordination is highly directional like hydrogen-
bonding, but stronger, a number of groups have used metal-ligand interactions 
to construct supramolecular polymeric assemblies.[23-27] Importantly, the ligand 
and metal can be rationally chosen to tune the thermodynamic and kinetic 
stabilities, the sizes and geometric shapes of the polymers, as well as the 
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promising functional properties imparted to the materials by the metal ion. For 
example, Rowan et al. used a bis-ligand functionalized monomer conjugated to 
Zn (II) ions as the linear chain extension binding units, and La(III) ions as the 
cross-linking components to afford a supramolecular gel-like polyelectrolyte 
which emits light upon UV excitation (Figure 1.4).[28] Craig and coworkers 
reported the construction of linear or network polymers by the coordination 
between an organopalladium or organoplatinum pincer and pyridine. By 
changing the steric influence of the alkyl chain length on the metal center, the 
authors probed the dynamic and structural contribution to the bulk mechanical 
properties.[29-31] There are also several examples of supramolecular polymeric 
assemblies that combine different noncovalent interactions in order to construct 
polymers with more sophisticated functions. For example, Spada and Coworkers 
reported the self-assembly of guanine- and pterine-based molecules (Figure 
5).[32] By combining the features of hydrogen bonding and $−$ stacking, the 
resulting supramolecular assembly overcomes the limitation of formation in only 
apolar solvents and, instead, assembles in both polar and apolar solvents. Ionic 
interactions similar to hydrogen bonding and metal-ligand coordination are of 
sufficient magnitude to enable the preparation of supramolecular assemblies. 
Specifically, we start with a discussion of the applications and uses of 
supramolecular assemblies and the motivation for continued research, and then 
focus on advances in the field of ionic supramolecular assemblies, including 
those composed from complementarily charged polymers, small molecules, or a 
combination thereof. 
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1.2 Applications of Supramolecular Assemblies 
1.2.1 Properties of Supramolecular Assemblies 
While polymers held together through covalent bonds within the 
backbone continue to be extensively used in everyday life and technology, 
chemists are exploring supramolecular polymers for a variety of basic studies 
and applications. The critical features and uniqueness of supramolecular 
polymers originate from their programmable and reversible properties. For 
example, these polymers are: 1)  - many of which would be difficult to prepare 
using conventional synthetic methods; 2) responsive to external stimuli such as 
temperature, pressure, solvent, etc; and 3) capable of self-repair or healing after 
disruption of the interaction. Importantly, via selection and design of the 
monomers and noncovalent interactions, the strength and direction of the 
interactions responsible for the supramolecular polymers can be adjusted and 
desirable functionalities can be incorporated. Therefore, supramolecular 
polymers not only provide alternatives to conventional polymers, but also 
introduce unique and interesting functions for the design of “smart” polymeric 
assemblies for use in fields ranging from biomaterials to energy transfer and 
storage.  The following examples do not illustrate all of the application advances, 
but instead describe several reports that highlight the diversity of materials 
investigated and their applications. 
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1.2.2 Supramolecular Assemblies in Mechanical, Biological, Electronic, and 
Manufacturing related Fields 
One of the earliest uses of supramolecular chemistry was the formation of 
liquid crystal assemblies for applications in electro-optical display, information 
transport, and sensing.  In fact, liquid crystal structures were observed with the 
formation of the first linear supramolecular polymer.[20] By pairing the triple 
complementary hydrogen-bonded monomers, the polymer exhibited a 
hexagonal columnar mesophase (see Figure 1.3). Today, liquid crystalline 
supramolecular polymers are formed as well by utilization of ionic 
interactions[33] or $−$ stacking.[34] Another application of supramolecular 
polymers originates from the self-healing ability of the materials: when broken or 
cut, the severed material can be repaired by simple contact between the exposed 
edges. Such polymers were first reported by Cordier and coworkers,[35] who 
prepared a multiple hydrogen bonded supramolecular polymer utilizing readily 
available fatty acids and urea. The resulting polymer not only exhibits rubber-
like behavior, but when damaged, the tear self repairs via re-formation of 
hydrogen bonds without sacrificing any bulk properties. In other supramolecular 
polymer examples, the repair can be triggered using stimuli such as temperature 
or ultraviolet light.[36] Once adopted in industry, these materials have the 
potential to reduce the inefficiency of a number of industrial processes caused by 
material degradation or failure over time as the repair process may require 
minimal human intervention.[37] 
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In some cases, the specific type of noncovalent interactions dictates the 
application space. For example, $-conjugated aromatic units assembled via $−$ 
stacking are capable of transporting charges over long distances and such 
materials are of interest for the electronic and semiconductor industry. Aida and 
coworkers reported a graphitic nanotube self-assembled by a hexa-peri-
hexabenzocoronene functionalized by triethylene glycol groups and dodecyl 
alkyl chains.[38] The graphite-like nanotubes extend from tens to hundreds of 
micrometers in length and a significant increase in conductivity was observed in 
its oxidized state.[38]  
Cooperative complexation of building blocks using multiple types of 
noncovalent interactions leads to larger and more complex supramolecular 
systems, which offer additional functionality as well as mimics the complex 
functions observed in nature.[3, 39, 40] Recently, Giuseppone and coworkers 
reported the design of a metallosupramolecular polymer that undergoes a pH 
dependent contraction and extension of its repeating units in a muscle-like way 
(Figure 1.6).[41, 42] This functional material is assembled via metal-ligand 
interactions, and the switch between contraction and extension is controlled by 
adjusting the affinity of the secondary dialkyl ammonium ion for the crown ether, 
due to its positive charge and hydrogen bonding. Specifically, the change in the 
location of the crown ether rings upon binding the ammonium cation affords a 
significant change (on the micrometer scale) in the overall length of the molecule. 
Supramolecular polymeric assemblies also afford materials that are highly 
responsive to external stimuli and spontaneously adapt to their environment via 
  
8 
programming at the molecular level. The controllable combination of dynamics 
and structural order in these materials provides a broad platform to design, 
investigate, and realize applications in the mechanical, biological, electronic, and 
manufacturing related fields in a clever and versatile way that is not possible (or 
more limiting) with conventional polymers. Thus, continued efforts are 
encouraged to develop new supramolecular polymeric assemblies between 
molecules, macromolecules, and/or biomacromolecules, and to explore self-
assembling strategies that involve multiple non-covalent interactions. 
 
1.3 Constructing Supramolecular Assemblies via Ionia Strategy 
1.3.1 Ionic Interactions: Ionomers, Polyelectrolytes, and Other Ionic Building Blocks 
Ionic interactions exist widely in the inorganic world, present in minerals 
or silicate glasses, and in biomacromolecules, where they can serve as salt 
bridges to stabilize a specific three-dimensional structure. The early history of 
ionic interactions in polymers dates back to the concepts and uses of 
polyelectrolytes and ionomers, established in the early 20th century.  Ionomers 
are copolymers where an ionic group (e.g., carboxylic acid) is doped into a 
polymer at a small amount (usually less than 15%) in order to modify the 
polymer properties.  These materials were commercially available in the 1950s. 
One of the first examples of an ionomer was a copolymer of butadiene, 
acrylonitrile, and acrylic acid where acrylic acid was cross-linked with zinc salt 
to afford an elastomer.[43, 44] The resulting Zn-blended copolymers displayed 
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increased tensile properties and adhesion compared to the non Zn-doped 
materials. The ionic groups in ionomers tend to  form aggregates with Zn due to 
the attraction between the ion pairs. As such, significant changes in thermal, 
morphological, and physical properties (e.g., phases, glass transitions, miscibility, 
rheology, and mechanical properties) can be realized using this approach where 
different percentages of the ionic groups are added to the polymer. 
Polyelectrolytes, which were investigated even earlier, are similar except that 
they possess a high content of ion groups and many of them are soluble in 
aqueous solution.[45] The presence of concentrated ions on the polymer 
backbone chain leads to a repulsion between charges, which fundamentally 
alters the chain’s conformation. Such expanded, rigid, rod-like polymer chains, 
as opposed to random coil chains in conventional polymers, usually result in a 
change in bulk properties, such as higher viscosity. The charged nature of 
polyelectrolytes also affords properties such as high hydrophilicity and electrical 
conductivity, enabling a variety of potential applications such as coatings on 
films and fibers, controlled drug delivery devices, solid-state conducting 
polymers in Li-ion battery and fuel cells, and so on.[46-50] 
 Ionomers and polyelectrolytes, with their ionic recognition groups, are 
widely used to create supramolecular polymeric assemblies as noted above with 
the charged polymers. Other building blocks are also available to create ionic 
supramolecular polymeric assemblies, including surfactants, lipids, dyes, 
polypeptides, DNA, or ionic liquids. In fact, one of the attractive and salient 
features of this ionic approach is the number and diversity of structures and 
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compositions available for use. Despite their long history, interesting 
functionality, and wide variety, ionic interactions have not been as extensively 
investigated as hydrogen bonding and metal-ligand coordination in 
supramolecular chemistry. However, the ionic strategy provides an attractive 
and viable complementary approach to the construction of supramolecular 
structures as the source of sole interaction or in concert with other non-covalent 
interactions. Here we describe a variety of small molecule and polymer building 
blocks, the resulting supramolecular architectures, and properties or 
functionalities. It should be noted that this is not a comprehensive introduction 
that describes every polyelectrolyte and its complexes, but instead focuses on 
several examples that highlight the role of ionic interactions in the assembly.  In 
fact, in some of the examples below, other noncovalent interactions are also 
involved to afford interesting, complex, and/or functional systems. 
 
1.3.2 Assemblies from small molecules 
Small molecules can connect to each other via complementary interactions 
to form polymeric systems in either a linear or network configuration. In contrast 
to supramolecular assemblies composed of polymer chains, the low molecular 
weights of the small molecule building blocks can lead to faster equilibration and 
the resulting assemblies may display a higher degree of mesoscopic order. Such 
examples are relatively rare using the ionic strategy. An early example reported 
in 1994 by Hosseini and coworkers combined ion-pairing electrostatic interaction 
and hydrogen bonding.[51] The authors used a dicationic ion composed of two 
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cyclic amidinium groups with four hydrogen bonding donor sites in the presence 
of a pyromellitate dianion to form a linear polymer chain (Figure 7a,b). X-ray 
study confirmed the proposed linear chain formation if the anion was tere-
phthalate or iso-phthalate. In follow up work, the authors showed that by adding 
two carboxylic acid groups on the pyrromellitate anion, 2-D networks were 
achieved in addition to the linear polymer chains (Figure 7a, b).[52] Recently, 
Mecerreyes et al. reported another example where both ionic interactions and 
hydrogen bonding are responsible for the supramolecular assembly between 
citric acid and a diamine (Figure 7c,d).[53, 54] The resulting material exhibited 
sharp rheological and conductivity property changes by four orders of 
magnitude in the temperature range between 30 to 80 ℃, suggesting its potential 
use in temperature-dependent electrochemical applications.  
 In order to investigate assemblies that were held together principally by 
electrostatic interactions, Grinstaff and coworkers explored alkyl phosphonium 
chloride compounds as building blocks.[55] These compounds belong to a class 
of materials called ionic liquids, which are small salt-like molecules with melting 
temperature lower than 100 ℃.  They are composed of an organic cation(s) and 
an inorganic/organic anion(s). The most common cations are imidazolium, 
pyridinium, pyrrolidinium, phosphonium, ammonium or sulfonium, while the 
most common anions are alkyl sulfates, methansulfonate, tosylate, 
hexafluorophosphate, tetrafluoroborate, halides, or carboxylic acid. In general, 
ionic liquids are of interest because of their conductivity, non-volatility and non-
flammability, as well as their tunable miscibility in organic/aqueous solvents. In 
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addition to small molecule based ionic liquids, polymeric systems are of 
interest.[56] The Grinstaff group discovered that a supramolecular ionic network 
could be created by complexing a multi-anionic small molecule with a 
phosphonium dication. For example, mixing a dicationic phosphonium ionic 
liquid, di-Hex-C10 chloride and a tetraanion, ethylenediaminetetraacetate 
(EDTA4-) afforded such a material (Figure 8). As there is a sufficient number of 
cationic and anionic groups on each species, an ionic network is formed. 
Network formation requires two different molecular structures whereby one 
structure possesses at least two and the other three or more complementary 
molecular recognition groups. The new diphosphonium-EDTA supramolecular 
assembly exhibited significantly greater viscosity than that of the starting 
materials alone. In order to confirm that a network was formed, a few control 
experiments were performed including mixing the diphosphonium dication with 
dodecanedioic acid as well as mixing all the anions with a phosphonium 
monocation.  All of these mixtures exhibited significantly lower viscosities and 
did not form a network structure.  
 In order to determine if this approach was general, EDTA was replaced 
with a para-tetracarboxy-5,10,15,20-tetraphenyl-21H,23H-porphine to prepare an 
ionic porphyrin assembly.[55] The resulting assembly was strong (e.g., G’ = 107, 
respectively). Upon heating to 160 ℃, a fiber of 1 mm in diameter and 10 cm in 
length was pulled from the mixture and molded into a coil (Figure 9). In addition, 
the porphyrin maintained its fluorescence once it was incorporated into the 
structure, suggesting a potential role for this material as a sensor. 
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1.3.3 Assemblies from small molecules and polymers 
Charged small molecules and polymers can be paired to create 
supramolecular assemblies. Many of these systems exhibit excellent mechanical 
properties and processability characteristics that make them of interest for both 
research and industry.  Moreover, the properties of these assemblies can often be 
tuned by selection of the appropriate small molecules (e.g., surfactants, lipids, or 
dyes ) which provides an avenue to achieve specific structures and functions. 
Interest in these systems, for applications ranging in optical and electrical 
areas, is triggered by the ordered assemblies that are formed between 
polyelectrolytes and surfactants.[57, 58] As discussed above, polyelectrolytes are 
highly charged polymers. Ionic surfactants are small molecules composed of a 
hydrocarbon chain, usually 8 to 18 carbons in length, with a charged hydrophilic 
head group. When the surfactants are mixed with an oppositely charged 
polyelectrolyte, the ionic interaction between the ion pairs as well as the 
hydrophobic interaction between the hydrocarbon tails of the surfactant results 
in thermodynamically stable ordered phases or aggregates depending on the 
preparation route.[59] The resulting polyelectrolyte-surfactant complexes are 
usually well defined by 1:1 stoichiometry and exhibit good material properties 
such as tunable mechanical strength and viscoelasticity. For example, Antonietti 
and coworkers prepared and characterized the assembly formed between 
poly(styrenesulfonate) and alkyltrimethylammonium cations with different alkyl 
tails in water.[60] Depending on the alkane chain length of C12 to C18, X-ray 
diffraction showed ordered mesomorphous phases with long periods between 
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2.9 and 4.1 nm (Figure 10). Likewise, co-polymers of polyalkylacrylamide and 
poly(acrylic acid) (PAA) or poly(diallyldimethylammonium chloride) can be 
assembled with surfactants to form ordered structures.[61, 62] Naturally 
occurring or synthetic polyelectrolytes can also be used to stabilize lipid bilayer 
membranes.[63-65] Kunitake and Okahata and their coworkers mixed 
chondronitin sulfate or poly(styrenesulfonate) with a lipid bilayer and found that 
the thermal stability of the resulting mixture increases while maintaining the 
lamellar order. Interesting properties such as switchable permeability were also 
discovered with this assembly and this permeability can be tuned by electric 
potential or photo-irradiation.[66] Antonietti and coworkers also complexed 
lecithin with a cationic polyelectrolyte, poly(diallyldimethylammonium chloride) 
(PDADMAC) to mimic the structure of the natural lecithin membrane.[67, 68] 
 Building on these results, Grinstaff et al. prepared a new type of 
polyelectrolyte, a polymerized phosphonium ionic liquid, and mixed this 
polymer with a variety of carboxylic acid-containing surfactants to form ordered 
structures.[69] Specifically, poly(styrenyl phosphonium) was synthesized by free 
radical polymerization of a styrene functionalized phosphonium monomer. 
Based on the number of ionic interactions as well as the nature of the anionic 
surfactant or anionic crosslinker, the assemblies displayed dramatically different 
properties ranging from brittle materials, to rubbery balls that bounce, to sticky 
fibers (Figure 11). With regards to investigating the rheological properties of 
these types of complexes, Grinstaff and coworkers next examined the viscoelastic 
properties of supramolecular networks formed through the ionic interaction 
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between PAA and a di-phosphonium ionic liquid crosslinker.[70, 71] The 
material exhibited creep-recovery behavior and the thermal and rheological 
properties were highly dependent on the alkyl chain length of the di-
phosphonium crosslinker. The composition of the alkyl chains connected to the 
phosphonium cation sterically and electronically influence the strength of the 
electrostatic interactions between the phosphonium cation and carboxylate anion. 
Specifically, shorter alkyl chain length leads to fewer steric and stronger 
electrostatic interactions and stronger material properties and vice versa. This 
study reveals insight into the structure-property relationship for the rational 
design of ionic supramolecular assemblies with desired properties.  
In order to create desirable properties such as ultra-low surface energies 
for coating applications, fluorinated polyelectrolyte-surfactant assemblies have 
been investigated.[72] Specifically, the fluorinated polyelectrolyte-surfactant 
assembly between PAA and a fluoroalkyltrislkylammonium cation, Hoe L3658-1, 
showed a surface energy of 15.8 mN/m2 and a contact angle of 61o  when using 
hexadecane as a testing liquid. This contact angle is greater than that for PTFE, 
which is 46o under these conditions. In addition, the solubility of these complexes 
depends on the nature of the polyelectrolyte backbone and the surfactant. Thus, 
the phase morphology and the surface energy can be adjusted to the required 
needs. 
Thunemann and coworkers mixed a hydrophobic modified 
polyethyleneimine with long alkyl chains with a carboxylate functionalized 
hexabenzocoronene, which has a large $-conjugated core.[73] The resulting 
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assembly exhibited a thermotropic columnar liquid crystalline-like property, 
which may exhibit rapid charge transport along the self-assembled columns. 
Another noteworthy study conducted by Stupp and coworkers found that the 
interaction between the polysaccharide hyaluronic acid and a synthetic small 
molecule with a hydrophobic alkyl segment grafted to a short peptide formed 
ordered nanofibers, sacs, and membranes.[74] These assemblies form at the 
aqueous interface and arise due to the osmotic pressure of ions and static self-
assembly.  
Finally, non-linear polyelectrolytes and inorganic polyelectrolytes have 
been investigated. Grohn and coworkers introduced a facile route using ionic 
self-assembly of dendrimers to prepare nanoparticles with well-defined size and 
shape such as spherical, rod-like, or hollow spheres.  Carboxylated aromatic 
counterions or azo dyes were interconnected with the dendrimer. The size and 
shape of the aggregates were dependent on the structure of the ionic building 
blocks.[75, 76] The resulting aggregates could be disassembled and re-assembled 
using pH or light.[76-81] Building upon the work by Muller and coworkers on 
the development of highly symmetrical polyoxometalates, Antonietti and 
coworkers complexed polyoxometalate anions with complementary surfactants 
such as didodecyldimethylammonium (Figure 12). The resulting assembly forms 
highly organized liquid crystal nanostructures with an extended ring-shaped 
superstructure. The optical and redox properties imparted by the 
polyoxometalates, combined with the self-assembly due to the surfactants, 
provides an opportunity to design complex functional systems.[82-85] 
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1.3.4 Assemblies from polymers 
The investigation of the mutual interaction occurring between oppositely 
charged polymers dates back to the 1940’s, and was pioneered by Fuoss and 
Sadek,[86] who mixed polyvinyl-N-butylpyridinium bromide and sodium 
polystyrenesulfonate together and studied the aggregation behavior and 
rheological properties of the resultant polyanion-polycation complexes. Such 
complexes could be water soluble mixtures or precipitates, depending on the 
concentration of the polyion solutions, the ionic strength, pH, as well as the 
molecular weight of the polymers. Practical applications such as coatings, 
flocculants, and membranes have been explored with these polyion 
assemblies.[87-90] An early example reported by Miekka and coworkers 
demonstrated the spontaneous assembly occurring at the surface of two 
oppositely charged polyelectrolytes solutions- 
poly(vinylbenzyltrimethylammonium chloride) and poly(styrenesulfonate).[91] 
A thin interfacial film (thickness less than 0.22 micrometers) was formed even 
with diluted aqueous solutions and the film was able to be isolated and washed 
(Figure 13). The film showed high diffusivity towards salts such as sodium 
chloride (0.33 mmol/hr/square inch), suggesting a potential application as a 
solid electrolyte in electrochemical devices, or semipermeable membranes for 
ultrafiltration. 
One of the promising applications based on ionic interactions between 
macromolecules is gene delivery. For instance, cationic polymers form complexes 
with negatively charged DNA, and these complexes or polyplexes are used to 
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deliver DNA into cells for subsequent transcription and translation.[92-94] 
Polyplex formation tightly condenses or packs the DNA into a nanometer 
structure protecting the DNA from external hydrolytic and enzymatic digestion 
as well as facilitates its cellular internalization and, as such, mimics some of the 
features of a virus. One of the earliest examples was the complexation between 
polyethyleneimine (PEI) and DNA reported by Behr and coworkers in 1995,[95] 
and today PEI is still used as one of the standards for in vitro and in vivo gene 
delivery. Since then, a wide range of cationic polymers of various composition 
and architectures (e.g., linear, branched, dendritic, etc.) have been investigated 
for nucleic acid delivery such as poly-L-(lysine) (PLL), chitosan poly(2-
dimethylaminoethyl methacrylate) (PDMAEMA), polyamidoamine (PAMAM), 
and poly(β-amino esters) (PBAEs),[32-35] and the reader is directed to several recent 
reviews on this topic.[46, 96-98] Thus, we have selected a recent example to 
describe the general approach. Long and coworkers polymerized phosphonium- 
or imidazolium-based ionic liquids via free radical polymerization or controlled 
radical polymerization to afford new polyelectrolytes.[99, 100] Copolymers of 
these two ionic liquids were also synthesized and studied. In particular, they 
investigated the DNA binding and gene transfection of a phosphonium ionic 
liquid polymer in HeLa cells. The phosphonium polymer bound to DNA at 
lower charge ratios and exhibited improved luciferase gene expression compared 
to the ammonium ionic liquid polymer.[99, 100] A diblock copolymer, in which 
the first block consisted of either oligo-(ethylene glycol) methyl ether 
methacrylate (OEG) or 2-methacryloyloxyethyl phosphorylcholine (MPC) 
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provided colloidal stability, and the second phosphonium block complexed 
pDNA, showed successful transfection with luciferase expression comparable to 
Jet-PEI (a common transfection agent). All the diblock copolymers exhibited >80% 
cell viability. The results from the in vitro transfection and cytotoxicity studies are 
promising and studies are underway to assess in vivo performance.    
The ionic interaction between polymers also enabled the development of a 
layer-by-layer (LbL) technique to prepare multilayer films by consecutive 
adsorption of polyanions and polycations (Figure 14).[101, 102] The LbL 
deposition affords ultrathin, bendable, and tunable multilayer films, the 
fabrication of which are simple, fast, and can be done at room temperature and 
physiological pH.  The LbL films can be designed to be non-biodegradable or 
biodegradable. While the former results in coatings for improving the surface 
biocompatibility and bioactivity, the latter has been extensively used for drug or 
gene delivery. One example is the poly (β-amino ester) based system developed 
by Langer and Hammond and coworkers.[103] The hydrolytically degradable 
poly (β-amino ester) was complexed with polyanions such as poly (acrylic acid), 
lysozyme, and heparin. Fine control of the release time and dosage were 
achieved. Advantages of the LbL technique include controllable film loading and 
release kinetics and the ability to conformally coat difficult geometries.[104-106] 
In addition, the LbL technique allows the incorporation of multiple drugs in 
different layers, from small molecules to sensitive biologics, while maintaining 
the drug activity due to the preparation in mild conditions. Although the LbL 
technology is applicable to other noncovalent interactions such as hydrogen 
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bonding, the use of ionic interactions affords a general, facile, and versatile 
method that allows the use of water as the solvent and a wealth of charged 
polymers such as protein, DNA, polyelectrolytes, dyes, and colloids.  Besides the 
biomedical applications, the ionically connected multilayers are of interest for 
electrochemical devices and energy strorage. For instance, Shao-Horn, 
Hammond, and coworkers developed a multi-walled carbon nanotube electrode 
prepared via deposition of layers between carboxylated and amine 
functionalized carbon nanotubes.[107, 108] The resulting nanotube electrode 
used in a lithium battery afforded an energy ~ 5 times higher than normal 
electrochemical capacitors and power ~ 10 times higher than conventional 
lithium-ion batteries. For comprehensive reviews on the LbL technique, the 
reader is directed to some recent reviews.[102, 109, 110] 
Another interesting work is reported by Aida and coworkers, who 
prepared a mechanically strong and environmentally benign supramolecular 
hydrogel via ionic interactions.[111] Simply by reacting clay, a catonic dendrimer, 
and sodium polyacrylate together in water at room temperature, a transparent 
3D network hydrogel was formed (Figure 15).  The reaction involves the 
guanidinium ion on the dendrimer strongly adhering to the negatively charged 
clay, which has been dispersed by sodium polyacrylate. The material can be 
molded into shape-persistent objects and can rapidly self-heal when cut. 
Rheological study showed high mechanical properties. For example, the G’ is 104 
Pa and G’’ is 5*103 Pa with a generation three dendrimer binder. The hydrogel 
could still be formed without the sodium polyacrylate salt but weaker 
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mechanical properties were obtained. Notably, it was shown that an 
encapsulated enzyme maintained its activity after network formation. 
Specifically, myoglobin, a protein that catalyzes the oxidation of o-
phenylenediamine with H2O2, retained 71% of its activity after being immobilized 
in the network hydrogel, suggesting that the ionic hydrogel provides a 
compatible environment for the protein and that transport of the substrate to the 
active site is not inhibited. 
. 
1.4 Future Directions and Unanswered Questions 
Although significant advances have occured in ionic supramolecular 
assemblies; additional key questions and challeneges remain. For example, 
characterizing and understanding the structure of ionic assmblies on the 
molecular level is challenging and additonal structural studies are needed to 
examine the short and long-range order present within the assembly. Matching 
as well as varying the 1:1 stoichiometry between oppositely charged centers 
provides an additonal approach to fine tune the structure and property of an 
ionic assembly. Although a variety of ions have been used to form ionic bonds, 
the ionic bond strength is rarely measured and fine control of the strength is 
likely to have a significant effect on the bulk properties. Different compositions 
of ion centers (e.g., -N(CH3)3+ vs -P(CH3)3+ or -CO2- vs -SO3-) and the steric crowding 
around the ion (e.g., -N(CH3)3+ vs -N(CH2CH2CH2CH2CH2CH3)+) will dramatically 
influence the ionic bond strength. Furthermore, there is a need for theory and 
modeling of the interaction strength to help guide experimental studies. Once a 
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number of ionic bond strengths and ionic assembly stabilities have been 
measured, the generation of a database containing a library of various ionic 
interaction strengths would provide guidance and rationale for the design of 
future assemblies. 
 Because of the reversible nature of ionic bonds, all ionic supramolecular 
assemblies can re-assemble after disruption assuming they can flow on the 
timescale of the experiment. How fast the material self-heals is an important 
question to answer for both fundamental and practical application. Currently, 
the rates of self-healing or repairing remain largely unmeasured, and the factors 
contributing to these rates have not been systematically investigated. 
 Two areas we think are worthy of continued investigation with ionic 
supramolecular assemblies are: 1) electronic materials; and 2) biomaterials for 
drug delivery.  With regards to the former, given the highly charged nature of 
these systems, the ability to form organized structures, and the high thermal 
stability, these materials will continue to be of interest for applications in, among 
other things, batteries, supercapacitors, fuel cells, and electromechanical 
actuators. On the biomedical front, cationic polymers are already extensively 
investigated as carriers for nucleic acid (i.e., DNA, SiRNA, etc) and significant 
opportunites remain for in vitro and small and large animal in vivo studies. 
Similarly, the layer-by-layer approach is being evaluated for controlled drug 
delivery where antibiotics, proteins, polysaccharides, are incorporated into the 
layers and then released in vitro or in vivo. The generality of this approach and its 
applicability to a wide-variety of diseases is particularly appealing. 
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1.5 Conclusions 
Ionic interactions represent key non-covalent interactions that are present 
in all aspects of nature and can be used effectively to create a wide variety of 
supramolecular assemblies. These interactions are weaker than covalent bonds, 
and are reversible, enabling the preparation of stimuli-responsive materials 
including those that can self heal or self repair under ambient conditions. 
Another consequence of this reversibility is that many of the materials possess 
interesting rheological properties such as viscoelasticity. Well defined assemblies 
can be prepared that possess short- and long-range order - as well as those that 
do not possess long range order- all by selection of the appropriate building 
blocks. These assemblies can be prepared from solely synthetic materials or from 
a synthetic material and a natural polymer, such as DNA. The specific 
advantages of working with ionic interactions alone or in concert with H-
bonding, $−$ stacking, metal-ligand coordination, and/or hydrophobic forces is 
that a large number of molecules and macromolecules are available for use and 
the preparation methods are facile and appear generalizable. In conclusion, this 
article is intended to briefly summarize new results and pique scientific interest 
in the area of ionic supramolecular assemblies. Moreover, it is an invitation to the 
general scientific community to examine this exciting area, to stimulate critical 
discussions, and to encourage further discovery. 
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n Figure 1. 1 Illustration of the structural components present in 
supramolecular assemblies formed by small molecules, polymers, or a 
combination thereof 
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n Figure 1. 2 Bond strengths of different interactions utilized by 
supramolecular polymeric assemblies 
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n  Figure 1. 3 Chemical structure of the assembly formed between 
diaminopyridine and uracil derivatives reported by Lehn (a) (2-ureido-4[1H]-
pyrimidinone (UPy) by Meijer (b). 
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n Figure 1. 4  a) Image of a quadruple hydrogen bonding supramolecular 
polymer exhibiting resilient mechanical properties by Sijbesma and Meijer. 
Reprinted by permission from Wiley and Sons Publishers: Advanced Material 
(Adv. Mat. 2000, 874-878), copyright 2000. b) A photograph of supramolecular 
polymer films showing light-emitting properties at different wavelengths by 
Rowan et al. Reprinted with permission from J. Am. Chem. Soc. 2003, 125, 13922-
13923.  Copyright 2003 American Chemical Society 
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n Figure 1. 5 Chemical structure of guanine- and pterine-based molecules 
and the resulting self-assembly by Spada. 
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n Figure 1. 6 Structure and cartoon of a metallosupramolecular [c2] daisy 
chain polymer which extends at high pH and contracts at low pH reported by 
Giuseppone. The motion is amplified to the scale of micrometers as a result of the 
concerted movement of about 3,000 units. Reprinted by permission from 
Macmillan Publishers Ltd: Nature Nanotechnology (Nature Nanotechnology 2013, 
8, 9-10), copyright 2013. 
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n Figure 1. 7 Chemical structures of the ionic assembly between dicationic 
cyclic amidinium and pyromellitate dianions (a) and X-ray structures of the 
resulting linear or 2D network assemblies (b) reported by Hosseini. Reprinted by 
permission from Elsevier (Solid State Sciences 2001, 3, 789-793), copyright 2001. 
Chemical structures of the assembly formed between citric acid and a diamine (c) 
and X-ray structure of the resulting network assembly (d) reproted by 
Mecerreyes. Reprinted with permission from Macromolecules 2012, 45, 7599–7606.  
Copyright 2012 American Chemical Society 
  
31 
 
 
 
 
 
n Figure 1. 8 The formation of supramolecular ionic network. (top) 
Chemical structures involved (bottom) schematic of network formation reported 
by Grinstaff. 
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n Figure 1. 9 A supramolecular ionic network formed between a 
diphosphonium and a para-tetracarboxy-5, 10, 15, 20-tetraphenyl-21H, 23H-
porphyrin and photograph of the assembly reported by Grinstaff. Reprinted with 
permission from J. Am. Chem. Soc. 2008, 130, 9648-9649.  Copyright 2008 
American Chemical Society 
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n Figure 1. 10 (top) Chemical structure of the ionic assembly formed 
between poly (styrenesulfonate) and alkyltrimethylammoniums with a C14 alkyl 
tail length and (bottom) model of the solid state structure formed and the 
calculated thickness of the assembly reported by Antonietti. Reprinted with 
permission from Macromolecules 1994, 27, 6007-6011.  Copyright 1994 American 
Chemical Society 
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n Figure 1. 11 (top) Synthesis of a poly (styrenyl phosphonium) and (botton) 
a poly(styrenyl phosphonium) and oleic acid assembly that bounces when rolled 
into a ball reported by Grinstaff. Reprinted with permission from Macromolecules 
2012, 45, 2509-2513. Copyright 2012 American Chemical Society 
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n Figure 1. 12 Schematic of a liquid crystal containing POM-surfactant 
([Mo154(NO)14O448 (H2O)70H28]14-)which self-assembles to columns and arrange into a 
hexagonal array reported by Mueler and Antoniette. Reprinted by permission 
from Wiley and Sons Publishers: CHEMPHYSCHEM (ChemPhysChem 2001, 457-
461), copyright 2001 
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n Figure 1.13 The chemical structures of poly-
(vinylbenzyltrimethylammonium chloride) and poly-(styrenesulfonate) at the 
interface of two solutions for preparation of a film reported by Miekka. 
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n Figure 1. 14 (a) General schematic to the preparation of layer-by-layer 
coatings reported by Decher. Reprinted with permission from Science 1997, 277, 
1232-1237.  Copyright 1997  (b) The schematic of loading multiple drugs on the 
same substrate by LbL in drug delivery reported by Hammond. (c) A multi-
walled carbon nanotubes prepared by LbL technique reproted by Shao-Horn.  
Reprinted with permission from J Am Chem Soc 2009, 131, 671-679.  Copyright 
2009 American Chemical Society 
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n Figure 1. 15 Photograph of sealed hydrogel after being cut into several 
small blocks which have dye in them (left) and catalytic activity of myoglobin in 
the ionic hydrogel reported by Aida.  Reprinted with permission from Nature 
2010, 463, 339-343.  Copyright 2010 
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CHAPTER 2: Design, Synthesis, and Characterization of Diphosphonium-PAA 
based Reversible Supramolecular Ionic Networks 
Adapted from: Influence of Phosphonium Alkyl Substituents on the Rheological 
and Thermal Properties of Phosphonium-PAA-Based Supramolecular Polymeric 
Assemblies Macromolecules. 2012, 45, 9500−950 
 
2.1 Introduction 
2.1.1 Supramolecular Chemistry and Noncovalent Synthesis 
Supramolecular polymeric assemblies spark continued interest due to 
their unique properties compared to conventional polymers[8, 10, 112, 113]. For 
example, since supramolecular polymeric assemblies are held together by a 
multitude of weak non-covalent interactions, they possess dynamic rheological 
properties as their bonds break under applied stress and then reform when the 
stress is removed. These dynamic or self-healing materials are advantageous for 
material processing and manufacturing as well as for the preparation of 
functional or responsive materials. Non-covalent interactions such as hydrogen 
bonding,[114] hydrophobic interaction, and metal-ligand coordination[28] are 
extensively utilized to construct such supramolecular polymers and polymeric 
networks.[115] The building blocks for supramolecular systems are diverse and 
typically include pairs of small molecules, a small molecule and a polymer, or 
polymers.  
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 The use of electrostatic interactions for the synthesis of supramolecular 
assemblies is less explored, but provides an attractive complementary approach 
with advantages of facile preparation and broad diversity.[9, 116] For example, 
the cross-linking of polysaccharides in aqueous solution, such as calcium cross-
linked alginate, was reported in the 1970’s.[117] More than a decade ago, a 
polyion complex was formed by the electrostatic interactions between a pair of 
two oppositely charged block copolymers containing poly (ethylene glycol).[118] 
Such polyion complexes have also been formed with DNA and RNA, and the 
area of nucleic acid complexation/condensation by oppositely charged polymers 
and surfactants is actively investigated for gene delivery.[119, 120] Recently, a 
supramolecular ionic polymer formed between citric acid and a diamine was 
reported by Mecerreyes et al.[121] The new ionic polymer combined two 
supramolecular interactions - electrostatic force and H-bonding, and the material 
exhibited temperature dependent rheological and conductivity properties.  
Materials formed by pairwise interactions between polyelectrolytes and 
surfactants also have interesting properties. Antonietti et al. reported that by 
complexing alkyltri-methylammoniums with poly (styrenesulfonate) or 
copolymer of N-alkylacrylamide and an ionic monomer, highly ordered 
mesomorphous materials are formed.[60, 61] Thünemann et al. investigated the 
mixture of cationic poly (dimethyldiallylammonium) and trimethylsilyl moiety 
complex and found smectic A-like lamellar mesophases.[122] Gröhn et al. 
introduced a facile route to prepare nanoparticles with well-defined shapes 
through electrostatic self-assembly of dendrimer-ions and organic 
  
41 
counterions.[123] Cheng et al. reported the synthesis of phosphonium-containing 
copolymers paired with chloride anions.[124] We also have an interest in 
phosphonium based polymers and recently reported the synthesis of 
polyphosphonium-carboxylate assemblies where varying the composition of the 
carboxylate dramatically affected the material properties.[69] In many of the 
above examples, the charge stoichiometry is held at one to one (i.e., each charge 
on the polymer is paired with a single charge species – be it a halide, surfactant, 
or fatty acid).  Replacement of the mono anion (or cation) with a multivalent 
anion (or cation) affords a crosslinked or network polymeric assembly.   
 
2.1.2 Ionic Liquids as Building Blocks in Constructing Supramolecular Ionic Networks 
Ionic liquids are salt-like materials bonded through ionic interactions, 
which have melting points below 100 ℃. Though having a long history since 
early 1900s, this class of compounds has just experienced a comet-like boost in 
the last few years due to people’s increasing interests in their remarkable use as 
both solvents and materials. Conventional ionic liquids are composed of one 
organic cation, such as an imidazolium, pyridinium, pyrrolidinium, 
phosphonium, ammonium or sulfonium, and one inorganic or organic anion, 
such as alkyl sulfate, methansulfonate, tosylate, hexafluorophosphate, 
tetrafluoroborate, halide or carboxylic acid. These ionic liquids always contain a 
mono-cation, paired with a singly charged counter anion (Figure 2.1). A typical 
example is 1-ethyl-3-methylimidazolium tetrafluoroborate, which is also the first 
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air and water stable ionic liquid synthesized by Wilkes in 1992. This report has 
provided the impetus for much of the development of ionic liquids. More 
recently, some new dicationic ionic liquids and even tricationic ionic liquids with 
corresponding number of mono-anions have been reported, which possess even 
more interesting physicochemical properties compared with those traditional 
ones. The wide range of possible cation and anion combinations allows for a 
huge variety of tunable structures and properties. Plus, the strong ionic 
interactions within ionic liquids results in negligible vapor pressure, non-
flammable materials with high thermal, mechanical, electrochemical stability. 
Therefore, ionic liquids have found wide range of use as “green” solvents, fuel 
cells, separation media, liquid crystals, and thermal fluids. 
Ionic liquids are also used as the building blocks to construct 
supramoelcular ionic networks due to the charged reacting sites. Recently, we 
described such a system where a geminal diphosphonium cation, 1,1'-(1,10-
decanediyl)bis[1,1,1-trihexyl-, chloride (Di-HexC10Cl), was complexed with 
polyacrylic acid (PAA).[125] The resulting neat polymeric salt displayed 
interesting properties, including creep-recovery behavior. Herein, we expand 
upon that initial report in order to evaluate the effect of specific structural 
changes in the monophosphonium and diphosphonium cation compositions on 
the rheological and thermal properties of the assemblies. As these 
supramolecular assemblies are held together by ionic interactions, these 
assemblies (compared to other assemblies composed of imidazoliums, primary 
amines, or pyridiniums) offer an opportunity to study the system without 
  
43 
contributions from other non-covalent interactions such as H-bonding and π-
π stacking. Specifically, we prepared six phosphonium-PAA based 
supramolecular polymeric assemblies with different numbers of cationic centers 
(monophosphonium or diphosphonium cation), and varied the side alkyl chain 
lengths surrounding the cations. The supramolecular assemblies were 
characterized by TGA and DSC to determine their thermal properties and by 
oscillatory frequency and temperature sweep to understand their rheological 
behaviors, including the response to consecutive frequency and temperature 
sweeps.  Additionally, steady state flow and creep-recovery tests were 
performed to further characterize the supramolecular polymeric assemblies.  
These studies reveal a striking dependence of the phosphonium cation 
composition on the thermal and rheological properties of the resulting 
phosphonium-PAA assemblies. 
 
2.2 Synthesis 
The mono- and diphosphonium cation chosen, comprising one or two 
covalently bonded tetraalkyl phosphonium moieties, respectively, belong to a 
class of compounds called ionic liquids (IL).  Ionic liquids are of interest, for 
example, as thermally stable electrolytes, negligibly volatile solvents, high 
temperature lubricants, ultrastable separation media.[126-128] Neat 
phosphonium based supramolecular polymeric assemblies were formed through 
electrostatic interactions between the phosphonium and poly (acrylic acid) (PAA) 
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(Figure 2.1). We investigated the effect of phosphonium composition on the 
macroscopic rheological properties by varying the alkyl substituent (R) chain 
length surrounding the phosphonium cation from butyl, hexyl, to octyl as well as 
the number of cationic centers on the phosphonium. 
2.2.1 Ionic Liquid Synthesis 
 Specifically, we prepared three phosphonium dications (P2+: 2Cl-) with 
different side alkyl chain lengths (R= butyl, hexyl, octyl) by reacting two 
equivalences of the corresponding trialkylphosphine with one equivalence of 1, 
10-dichlorodecane at 140 ℃for 24h. Upon evaporation of all volatiles, three ionic 
liquids were obtained with different appearances. The ionic liquid is a white 
powder when R is butyl, is a white wax when R is hexyl, and a colorless liquid 
when R is octyl.  Similarly, reacting the trialkylphosphines with 1 equivalent of 1-
chlorodecane at 140 ℃for 24h gave the monophosphoniums. When R is butyl, 
hexyl, or octyl the ionic compositions are all colorless liquids. 
 
2.2.2 Formation of Polymeric Networks with Varying Alkyl Chain Lengths 
Upon mixing the dicationic phosphoniums or the monocationic 
phosphoniums with PAA (Mw = 100,000 g/mol), followed by evaporation of the 
HCl, three supramolecular ionic liquid/PAA networks, di-ButC10PAA, di-
HexC10PAA, and di-OctC10PAA, and three ionic liquid/PAA mixtures, mono-
ButC10PAA, mono-HexC10PAA, and mono-OctC10PAA, were prepared. The di-
ButC10PAA, di-HexC10PAA and di-OctC10PAA compositions can form network 
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structures, as the presence of diphosphonium cations provides a sufficient 
number of ionic interactions from one entity to crosslink the carboxylic acids on 
the PAA chains.[125] On the other hand, the monophosphonium compounds 
containing one cationic center per molecule are not able to serve as a bridge 
between the carboxylic acids and therefore the monophosphonium-PAA 
mixtures are not networks.  All of the ionic assemblies are colorless and appear at 
room temperature as either liquids (mono-ButC10PAA, mono-HexC10PAA, 
mono-OctC10PAA and di-OctC10PAA), or solids (di-HexC10PAA and di-
OctC10PAA).. 
 
2.3 Chemical and Physical Characterization of Polymeric Networks 
As these supramolecular assemblies are held together by ionic interactions, 
these assemblies (compared to other assemblies composed of imidazoliums, 
primary amines, or pyridiniums) offer an opportunity to study the system 
without contributions from other non-covalent interactions such as H-bonding 
and p-p stacking. Thermal and rheological properties of the assemblies were 
characterized in order to evaluate the effect of specific structural changes in the 
monophosphonium and diphosphonium cation compositions. 
 
2.3.1 Thermal Chacracterization 
Thermal studies were first conducted using TGA to determine the 
degradation temperature. The six phosphonium ionic liquids possess high 
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thermal stability and only start to decompose when the temperature reaches 
around 300 ℃  (Figure 2.2 & Table 2.1). The three supramolecular ionic 
liquid/PAA networks (di-ButC10PAA, di-HexC10PAA, di-OctC10PAA) and the 
three ionic liquid/PAA mixtures (mono-ButC10PAA, mono-HexC10PAA, mono-
OctC10PAA) showed the same pattern and did not decompose until about 200oC, 
which is the temperature where PAA starts to degrade (Figure 2.2).  For example, 
di-HexC10Cl decomposes at 295 ℃, while both di-HexC10PAA and mono-
HexC10PAA have decomposition temperatures around 270 ℃. 
The phase behaviors of the neat ionic liquids, ionic liquid/PAA networks, 
and ionic liquid/PAA mixtures were investigated by DSC (Table 2.1).  After 
drying all samples under high-vacuum with heat overnight, the di-ButC10PAA 
was the most solid material of the three. A consecutive cooling and heating cycle 
for di-ButC10PAA revealed a glass transition at 8 ℃ . The glass transition 
temperature for di-HexC10PAA and di-OctC10PAA was -18 ℃ and -40 ℃
respectively, lower than that observed for di-ButC10PAA. A melting temperature 
was not observed for all of the compositions within the temperature range tested.  
The thermal behavior of the corresponding ionic liquids and ionic 
liquid/PAA mixtures were different than the ionic liquid networks.  The 
diphosphonium ionic liquids exhibited melting points observable in the first 
heating scan, varying from 103 to -57 ℃. The subsequent cooling and heating 
scans revealed glass transitions at 0 and -30 ℃ for di-ButC10Cl and di-HexC10Cl. 
No obvious glass transition was observed higher than -100 ℃. It should be noted 
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that the crystallization of the di-IL was relatively slow, as the melting points did 
not reappear in the second or third melting isotherm.  The monoionic liquids, 
Mono-ButC10Cl and mono-OctC10Cl, exhibited a glass transition at -50 ℃ and -
80 ℃, respectively. 
2.3.2 Rheological Characterization 
2.3.2.1 Frequency Dependence 
The resulting supramolecular polymer assemblies exhibited very different 
physical and rheological properties based on the different alkyl chain lengths. 
The viscosities as well as the storage moduli (G’), loss moduli (G’’) were 
measured via oscillatory frequency sweep. The data displayed in Table 2.2 were 
collected at 25 ℃ when the angular frequency was 6.28 rad/s. Compared to the 
ionic liquid/PAA mixtures, the ionic liquid/PAA networks possessed higher 
viscosities. For example, the viscosity of mono-ButC10PAA was 6.9×103 Pa.s, 
whereas, di-ButC10PAA was 1.1×107 Pa.s. The length of the alkyl chains 
surrounding the phosphonium cation also played a significant role on the 
viscosities of the polymer networks. Di-ButC10PAA, which possesses the 
shortest alkyl chain, had the highest viscosity of about 107 Pa.s, whereas di-
HexC10PAA and di-OctC10PAA had lower viscosities of 170,000 Pa.s and 35,000 
Pa.s, respectively.  The G’ and G’’ values showed the similar trend. Di-
OctC10PAA which had the longest alkyl chain had the weakest mechanical 
properties and the lowest G’ and G’’ values, only 100,000 Pa and 190,000 Pa 
respectively, while di-ButC10PAA had the highest G’ and G’’values.  When the R 
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was shorter, there was less steric bulk around the phosphonium cation and thus 
a greater electrostatic interaction was achieved leading to a stronger cross-linked 
network and higher viscosities and mechanical properties. Oppositely, when the 
R was longer, the increased steric crowding around the phosphonium led to a 
weaker interaction and a polymeric network with a lower viscosity and weaker 
mechanical properties.  
For the ionic liquid/PAA mixtures, prepared from the mono-
phosphonium cations and PAA, the rheological properties were less dependent 
on the composition and more similar to each other. The G’ and G’’ values for the 
mono-ButC10PAA, mono-HexC10PAA, and mono-OctC10PAA were roughly 
15000 Pa and the viscosities ranged from 6900 to 4100 Pa.s. The overall lower 
values for moduli and viscosity were consistent with the lack of crosslinking 
with the monocationic versus the dicationic phosphoniums.  
The polymeric networks showed a strong dependence of viscosity on 
applied frequency. As the frequency was increased, the ionic crosslinks within 
the supramolecular networks begin to break affording less viscous materials.  For 
example, the di-ButC10PAA network, compared to the di-HexC10PAA and di-
OctC10PAA, exhibited the sharpest decrease (Figure 2. 3) and was the most 
sensitive to flow resistance changes likely due to its stronger crosslinks. This 
result is also consistent with it being closer to its glassy plateau. Compared to the 
networks, the mono-ButC10PAA possessed a similar slope as di-HexC10PAA 
and di-OctC10PAA, but the magnitude of the viscosity was less. 
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2.3.2.2 Temperature Dependence 
Generally, as the temperature increased from 25 to 95 ℃, the viscosity 
decreased due to the increased rate of ionic bonds dissociation. In the case of di-
ButC10PAA, temperatures lower than 30 ℃were not sufficient to break the ionic 
associations in the network, whereas the viscosities of di-HexC10PAA and di-
OctC10PAA started to reduce at 10 ℃(2. 5).  As a comparison, the viscosity of 
mono-ButC10PAA mixture was significantly lower and decreased in a linear 
manner with increasing temperature. The di-ButC10PAA network required 
greater thermal energy to break the interactions and only at higher temperatures 
did the viscosity values decrease. 
 
2.3.2.3 Time-Temperature Superposition 
The G’, G’’ and delta values were also frequency dependent for the ionic 
assemblies. Dynamic frequency sweeps, conducted at several different 
temperatures from 25 to 95 ℃ , showed good frequency - temperature 
superposition over more than nine decades of angular frequency. As shown in 
Figure 2. 4, the G’’-curves were above G’-curves for the low frequency range, 
demonstrating viscoelastic liquid property. In 2. 4(a), the G’-curve sloped 
upward with increasing frequency until plateauing indicating the rigidity of di-
ButC10PAA continuously increased until reaching the maximum inflexibility. At 
the same time, the G’’-curve continued to rise until crossing over the G’ line (10-1 
rad/s) and then started to decrease after reaching the maximum point. The G’ 
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and G’’ data for the di-HexC10PAA ionic network crossed over at a much higher 
frequency (102 rad/s), indicating that the liquid behavior dominated over a wider 
frequency range. The crossover point was not observed for di-OctC10PAA at 
frequencies lower than 1000 rad/s. The mono-ButC10PAA, which was even 
weaker and more liquid-like, had a trend similar to di-OctC10PAA. The G’, G’’ 
curves tended to parallel to each other and did not intersect. As a comparison, 
the G’ and G’’ lines crossed over at 10-1 rad/s and 102 rad/s for di-ButC10PAA 
and di-HexC10PAA, respectively. These observations were consistent with the 
mobility of the samples as well as the rheological properties measured. 
 
2.3.2.4 Network Reversibility 
One of the most important features of supramolecular networks that 
differentiates them from conventional covalently crosslinked networks is that 
they are held together by reversible non-covalent interactions. Thus, these non-
covalent bonds can be broken and reformed when a stress is applied or the 
temperature is changed.  To confirm the reversibility of these ionic networks, we 
focused the studies on Di-HexC10PAA since it possessed intermediate properties 
to the other two ionic liquid/PAA networks. 
Consecutive frequency and temperature sweep experiments were 
performed. The sample was dried at 100oC overnight to remove water and was 
kept under N2 during testing to avoid humidity. For the frequency test, the 
frequency was swept from 0 to 100Hz, and then swept back to 0. The 0-100-0 Hz 
loop was repeated one more time. In between each sweep, there was a 15 min 
  
51 
rest time to allow the network to rebuild.  
As expected, the viscosity decreased with increasing frequency and 
increased with decreasing frequency (Figure 2. 6). This phenomenon was 
repeatable as the network recovered after being disrupted by an additional high 
shear frequency. Similar results were obtained in the temperature study.  As the 
temperature varied between 20 ℃ and 90 ℃, the network broke and reformed, 
exhibiting good reversibility as measured by the viscosity data.  Similar results 
were observed when monitoring the G’ and G’’ moduli (data not shown), further 
supporting the observation that the supramolecular networks were able to fully 
assemble without sacrificing mechanical properties after network disruption due 
to shearing or temperature. 
 
2.3.2.5 Creep-recovery Experiment 
Creep-recovery experiments were also performed to further characterize 
the rheological properties of these supramolecular ionic liquid/PAA networks. 
Upon applying a constant stress of 500 Pa, the network chains started to 
reorganize and thus a continuous increase of strain at a decreasing rate was 
observed, as opposed to a horizontal line for ideal elastic behavior or a 
continuously increasing linear line for ideal viscous behavior (Figure 2. 7). When 
the stress was removed, a slow and continuous decrease in strain occurred. This 
trend documented the characteristic viscoelastic properties of the polymer 
networks. We also observed that the stiffer materials di-But-C10-PAA and di-
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Hex-C10-PAA possessed greater creep recovery after the stress was released than 
di-Oct-C10-PAA, which was a result of the shorter side chains leading to tighter 
crosslinked structure and consequently a more elastic network. 
2.3.2.6 Flow Activation Energy Determination 
The correlation between the viscosity and temperature for the viscous 
flow of polymer melts can be described by the Arrhenius equation in the form of 
a η/T fitting function. 
 
where A is the material constant [Pa.s], R is the gas constant (R = 8.314×10-3 
kJ/mol.K) and Ea is the flow activation energy [kJ/mol]. 
Specifically, the flow activation energy, Ea, describes the energy barrier 
that the polymer chains must overcome to move against the internal flow 
resistance that results from the interactions between the neighboring molecules. 
When viscosity is zero shear viscosity, η0, the viscosity is not correlated to shear 
rate or shear stress and will only be temperature-dependant. Thus zero shear 
viscosity was used and A is a constant governed purely by the geometric 
structure of the compound.[129] The zero shear viscosities (η0) are obtained by 
plotting log η vs log γ at different temperatures. The natural log of both sides of 
the Arrhenius equation gives the following relationship: 
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Plotting ln η against 1/T affords straight lines for all three supramolecular 
polymer networks, and the activation energies are calculated from the slopes.  
The flow activation energies differed significantly from each other with 
slight variations in substituent side chain length. The di-ButC10PAA network 
possessed the highest activation energy of 122 kJ/mol, indicating that the 
internal electrostatic interaction comprising the network was the strongest (2.  8).  
This result agreed with the above rheological data that demonstrated di-
ButC10PAA possessed the largest viscosity, G’ and G’’ values. A significant 
decrease in activation energy occured when substituting the alkyl chain length 
from butyl to hexyl to octyl. Di-HexC10PAA had an activation energy of 
83kJ/mol, while the activation energy of di-OctC10PAA was about half of that of 
di-ButC10PAA, as the consequence of significantly weakened electrostatic 
interactions between the phosphonium cation and acrylate anion. The activation 
energy for the mono-ButC10PAA, mono-HexC10PAA, and mono-OctC10PAA, 
were significantly less and are 71, 67, and 64 kJ/mol, respectively.  The values 
between mono-HexC10PAA and mono-OctC10PAA as well as those between 
mono-ButC10PAA and mono-HexC10PAA were not statistically different from 
each other, while the activation energy was statistically different between the 
mono-ButC10PAA and mono-OctC10PAA (p = 0.01). 
 
2.4 Structure Characterization – X-ray Study 
With the substantial property differences between the three 
supramolecular polymeric networks, small angle x-ray scattering (SAXS) 
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measurements were conducted to determine if long-range structural order was 
present within the ionic liquid/PAA assemblies.  Unfortunately, the SAXS 
spectra of all the three liquid/PAA networks were featureless, only showing 
liquid order (Figure 2. 9).  Therefore, we speculated that the lack of rigidity or 
hydrophobicity in the backbone of the phosphonium compounds provided 
insufficient interactions to promote assembly or alignement of the phosphonium 
compounds as they cross-linked the PAAs.  As such no long-range order is 
formed. PAA is also an amorphous polymer.  It was reported that the repeat 
period of polymer electrolyte-surfactant complexes and the tendency to 
crystallize were dependent on the tail chain length of surfactant.[130] For 
example, n-alkanoic acids form complexes with bPEI[75] and lamellar patterns 
were only observed when the tail chain is greater than eight carbons.  
Thus, we prepared a diphosphonium with an extended central chain 
(C=16; DiButC16PAA) in an effort to introduce some chain-chain interactions to 
facilitate the formation of an ordered structure. The new network assembly had a 
similar SAXS pattern as DiButC10PAA and showed no long-range order. 
 
2.5 Synthesis of New Alkyl Phosphonium Ionic Liquids 
In order to further understand the effect of chemical molecular nature on 
the properties of ionic liquids and their resulting supramolecular ionic networks, 
variations on the side alkyl chain and backbone chain were made. As 
demonstrated in Figure 2. 4a, a much shorter methyl side chain was used to 
afford a white solid at room temperature. The stronger interaction between the 
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phosphonium and halide anion was compared with the above mentioned ionic 
liquids. Also a diphosphonium with extended central chain (C=16) was prepared. 
It was reported that the repeat period of polymer electrolyte-surfactant 
complexes and the tendency to crystallize are dependent on the tail chain length 
of surfactant.  For example, n-alkanoic acids form complexes with bPEI and 
lamellar patterns are only observed when the tail chain is greater than 8 carbons. 
Thus, we are trying to increase the chain length to see if this aids in establishing 
order and structure in the assemblies. The SAXS experiment of this ionic liquid 
and PAA (Mw 100,000) is currently ongoing. In addition, to improve the rigidity 
of the phosphonium backbone, a biphenyl group was introduced to the central 
chain. The melting point of the resulting compound is 150 ℃ but unfortunately, 
after mixing with PAA, no organized structure was observed by SAXS either 
(Figure 2. 5) 
 
2.6 Conclusions 
In summary, we have designed, prepared and characterized six 
supramolecular polymeric assemblies based on ionic interactions.  We further 
examined the effect of side alkyl chain length on thermal and rheological 
properties of the materials and found that slight variations in the side alkyl chain 
length affected the bulk macroscopic properties. For example, the viscosity (25 ℃) 
varied from 107 Pa.s to 104 Pa.s when the side alkyl chain length increased from 
butyl to octyl for the di-phosphonium/PAA networks.  The glass transition 
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temperatures, G’ and G’’ values, the response to frequency and temperature, 
flow activation energy, and extent of creep-recovery are all influenced by the 
phosphonium composition. The side alkyl chain length affects the sterics 
surrounding the phosphonium cation influencing the strength of the electrostatic 
interactions between the phosphonium cation and carboxylate anion. Specifically, 
shorter alkyl chain length leads to less steric and stronger electrostatic 
interactions, and greater rheological properties and vice versa.  
The reversibility test showed that the supramolecular networks are able to 
fully re-assemble without sacrificing the mechanical properties after network 
disruption due to shearing or temperature. The preparation is facile and the ionic 
strategy provides an opportunity to produce a large number of different 
supramolecular polymers. Continued investigation of supramolecular networks 
formed via electrostatic, H-bonding, or weak metal-ligand coordination will 
afford new materials as well as insight into the design elements for a desired 
rheological property. 
 
2.7 Materials and Methods 
General procedures and materials. 
All chemicals were purchased from Aldrich or Acros at highest purity 
grade and used without further purification. All reactions were performed under 
nitrogen atmosphere. 1H (400 or 500 MHz), 13C (101 or 126 MHz) and 31P (161 MHz) 
NMR spectra were recorded on Varian INOVA spectrometers. Electrospray mass 
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spectra were obtained on an Agilent 1100 LC/MSD Trap with ESI and APCI 
sources. 
 
General Procedure for Preparation of Di-phosphoniums.  
Trihexylphosphine (19.14 g, 94.7 mmol) and 1, 10-dichlorodecane (10 g, 
47.4 mmol) were mixed together and heated to 140 ℃ for 24 h to obtain di-
HexC10Cl. Next, the mixture was placed under vacuum at 140 ℃ for 24h to 
remove any volatile components. A clear colorless liquid was obtained in 99% 
yield. Di-HexC10Cl: 1H NMR (CDCl3): δ 0.89 (m, 18, CH3); 1.20-1.61 (br, 64, CH2-
CH2); 2.38-2.58 (br, 16, CH2-P). 13C NMR (CDCl3): δ 13.89 (CH3); 18.93-22.31 (CH2); 
30.98-31.89 (CH2-P). 31P NMR (CDCl3): δ 32.836 (P+). HR MS (ESI): [M-2Cl]2+ found 
356.3570 (theory: 356.3567). Elemental analysis: found: C, 70.34; H, 12.40 (theory: 
C, 70.46; H, 12.60).  
Di-ButC10Cl was prepared as Di-HexC10Cl. 1H NMR (CDCl3): δ 0.96 (m, 
18, CH3); 1.24-1.62 (br, 40, CH2-CH2); 2.40-2.58 (br, 16,CH2-P). 13C NMR (CDCl3): δ 
14.52-14.60 (CH3); 19.48-22.99 (CH2); 30.98-31.89 (CH2-P). 31P NMR (CDCl3): δ 33.92 
(P+). HR MS (ESI): [M-2Cl]2+ found 272.2640 (theory: 272.2633). Elemental analysis: 
found: C, 66.25; H, 12.09 (theory: C, 66.31; H, 12.11).  
Di-OctC10Cl was prepared Di-HexC10Cl. 1H NMR (CDCl3): δ 0.96 (m, 18, 
CH3); 1.24-1.62 (br, 40, CH2-CH2); 2.40-2.58 (br, 16, CH2-P). 13C NMR (CDCl3): δ 
14.52-14.60 (CH3); 19.48-22.99 (CH2); 30.98-31.89 (CH2-P). 31P NMR (CDCl3): δ 33.92 
(P+). HR MS (ESI): [M-2Cl]2+ found 440.4513 (theory: 440.4506). Elemental analysis: 
found: C, 72.98; H, 12.75 (theory: C, 73.14; H, 12.91). 
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General Procedure for Preparation of Mono-phosphoniums 
 Trihexylphosphine (8.3 g, 29 mmol) and 1-chlorodecane (5.22 g, 29.6 
mmol) were mixed together and heated to 140 ℃ for 24 h to obtain mono-
HexC10Cl. Next, the mixture was placed under vacuum at 140 ℃ to remove any 
volatile components. A clear colorless liquid was obtained in 99% yield. 1H NMR 
(CDCl3): δ0.85-0.94 (t, 12, CH3); 1.21-1.38 (br, 24, CH2); 1.43-1.59 (br, 16, CH2-CH2-P); 
2.41-2.50 (br, 8, CH2-P). 13C NMR (CDCl3): δ 13.71 and 13.87 (CH3); 19.27 and 18.80 
(CH2-CH3); 21-22 (CH2); 28.75-31.60 (CH2-P). 31P NMR (CDCl3): δ35.46 (P+). HR MS 
(ESI): [M-Cl]+ found 427.4431 (theory: 427.4427). Elemental analysis: found: C, 
72.53; H, 13.18 (theory: C, 72.60; H, 13.20).  
Mono-ButC10Cl was prepared as Mono-HexC10Cl. 1H NMR (CDCl3): δ0.88 
and 0.98 (t, 12, CH3); 1.21-1.38 (br, 12, CH2); 1.42-1.60 (br, 16, CH2-CH2-P); 2.42-
2.55 (br, 8, CH2-P). 13C NMR (CDCl3): δ 13.71 and 13.87 (CH3); 19.27 and 18.80 (CH2-
CH3); 21-22 (CH2); 28.75-31.60 (CH2-P). 31P NMR (CDCl3): δ35.46 (P+). HR MS (ESI): 
[M-Cl]+ found 343.3495 (theory: 343.3488). Elemental analysis: found: C, 69.64; H, 
12.58 (theory: C, 69.71; H, 12.76).  
Mono-OctC10Cl was prepared as Mono-HexC10Cl. 1H NMR (CDCl3): 
δ0.88-0.92 (t, 12, CH3); 1.21-1.40 (br, 36, CH2); 1.42-1.60 (br, 16, CH2-CH2-P); 2.40-
2.56 (br, 8, CH2-P). 13C NMR (CDCl3): δ 13.71 and 13.87 (CH3); 19.27 and 18.80 (CH2-
CH3); 21-22 (CH2); 28.75-31.60 (CH2-P). 31P NMR (CDCl3): δ35.46 (P+). HR MS (ESI): 
[M-Cl]+ found 511.5368 (theory: 511.5366). Elemental analysis: found: C, 74.50; H, 
13.18 (theory: C, 74.61; H, 13.26). 
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General Procedure for Supramolecular Polymeric Assemblies Formation 
1 g of di-phosphonium was dissolved in a minimum of water and then 
mixed with the PAA (35% solution in water, Mw 100,000 g/mol) such that there 
was one phosphonium cation for each monomer. For the mono-phosphonium 
control, the right amount of mono-phosphonium was mixed with PAA to 
maintain the positive/negative charge ratio to be 1:1. The mixtures were warmed 
(80℃ ) and vortexed several times to obtain homogeneous solutions. The 
resulting mixtures were dried overnight at 100℃ under vacuum. 
 
General Procedure for Thermal Measurements  
Thermalgravimetric Analysis (TGA) measurements were performed with 
TGA Q50. All samples were heated from 20 to 500℃ at a heating rate of 50℃
/min. Samples were also tested with Differential Scanning Calorimetry (DSC) at 
a heating rate of 20℃/min and a cooling rate of 10℃/min from -100 to 200℃. All 
samples were measured between 5 to 10 mg and scanned for three heat-cool 
cycles. 
 
General Procedure for Rheological Measurement 
About 1 mL of each sample was placed on an AR 1000 Controlled Strain 
Rheometer from TA Instruments equipped with a peltier temperature control 
using a 20 mm diameter parallel aluminum plate. In order to load the sample on 
the geometry properly, samples were first rolled to pellets then melted on the 
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peltier at 60℃ to ensure the sample fully covered the geometry. The gap was set 
to be 1.0-2.0 mm in all the runs. To minimize the effect of moisture in the air, the 
experiments were performed in a glove bag filled with nitrogen gas. Prior to each 
test, a pre-shear was done at shear rate 100 1/s for 10 s to eliminate the physical 
memory of the sample, followed by a 15 minutes equilibrium step in order for 
the sample to reach a steady state condition. 
Strain amplitude from 0.1 to 10% was determined to lie within the linear 
viscoelastic region (LVR) via an oscillatory strain sweep at a fixed frequency (1 
Hz). Dynamic shear measurements covering 0.628- 628 rad/s were conducted to 
obtain dynamic viscosity, storage modulus (G'), loss modulus (G'') and phase 
angle. Measurements were typically performed at 25℃ unless temperature effect 
was investigated. Oscillatory temperature sweep was conducted from 10℃ to 95℃
with increment of 5℃ and 1-minute equilibrium at each temperature. Strain and 
frequency were set to be 1.0% and 1 Hz, respectively. The details of the multiple 
sweep procedure for the oscillatory frequency sweep and temperature sweep 
experiments can be found in the SI. 
Steady State Flow was conducted at shear rate 0.01-50 1/s from 25 ℃ to 
95 ℃. The values of the plateaus found at very low shear rates, where the 
viscosity did not change as the shear rates increase, were taken as the zero shear 
viscosity at each temperature.  A creep-recovery experiment was performed by 
subjecting the sample to 500 Pa of stress for 8 min. Then the stress was totally 
removed and the sample was left for deformation recovery for 8 min. 
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General Procedure for X-ray diffraction. 
Small angle X-ray scattering (SAXS) experiments were performed with an 
H.I. Nanostar device (from Bruker) with point collimation and wavelength of the 
radiation equal to l = 1.5418 Å. Experiments were performed under vacuum, at 
room temperature, and a 2D gas detector (HiStar, also from Bruker. 1024 x 1024 
pixels with 100 mm pixel size) was used for recording the spectra. The sample-to-
detector distance was 25.5 cm. Each sample was placed in the window of a metal 
cylinder inserted into a glass capillary with a diameter of 3 mm. 
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n Figure 2. 1 Chemical structures of different types of ionic liquids. 
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n Figure 2. 2 Chemical reaction to prepare supramolecular polymeric 
networks and illustration of a supramolecular polymer network formed by ion 
pairs 
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n Figure 2. 3 TGA profiles of three supramolecular polymeric networks (di-
ButC10PAA, di-HexC10PAA, di-OctC10PAA), and di-HexC10Cl and PAA as 
control groups 
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n Table 2. 1 Glass transition temperature (Tg), melting temperature (Tm), and 
decomposition temperature (Tdec) of the neat ionic liquids, ionic liquid/PAA 
mixtures, and ionic liquid/PAA networks. 
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n Table 2. 2 Storage moduli (G’), loss moduli (G’’) and dynamic viscosity 
(Pa.s) of three supramolecular polymeric networks and their mono-counterparts 
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n Figure 2. 4 Frequency sweep of three supramolecular polymeric networks 
(di-ButC10PAA, di-HexC10PAA, di-OctC10PAA) and mono-ButC10PAA as a 
control group at 25℃. (strain =1.0%)   
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n Figure 2. 5 Master curve constructed by time-temperature superposition 
from dynamic shear data (25 – 95℃). Reference temperature Tr = 25℃. (a) di-
ButC10PAA (b) di-HexC10PAA (c) di-OctC10PAA (d) mono-ButC10PAA 
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n Figure 2. 6 Oscillatory temperature sweep of three supramolecular 
polymeric networks (di-ButC10PAA, di-HexC10PAA, di-OctC10PAA) and 
mono-ButC10PAA as a control group (strain = 1.0%; frequency = 1 Hz) 
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n Figure 2. 7 Reversibility test of supramolecular di-HexC10PAA ionic 
networks: (above) Oscillatory frequency sweep. (bottom) Oscillatory temperature 
sweep 
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n Figure 2. 8 Creep-recovery curves of three supramolecular polymeric 
networks at 25℃. 
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n Figure 2. 9 (above) Arrhenius plot of supramolecular di-IL/PAA  
networks and their corresponding mono-ILs+PAA mixtures. (bottom) Calculated 
flow activation energies from Arrhenius equation. (N=3; *p < 0.001 for networks). 
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n Figure 2. 10 SAXS profiles of six supramolecular polymeric assemblies. 
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n Figure 2. 11 More ionic liquids with varied structures. 
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n Figure 2. 12 Comparison of SAXS profiles between Biphenyl 
diphosphonium-PAA and three supramolecular ionic networks 
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CHAPTER 3: Construction and Characterization of A Supramolecular 
Assembly Based on Weak Covalent Bonds 
 
3.1 Introduction 
Disulfide linkages are present in proteins, numerous natural products as 
well as in some drugs (e.g., leinamycin) and play important structural and 
functional roles.[131, 132]  A disulfide bond is formed by the oxidation reaction 
between two thiols and once formed is susceptible to a reductive disulfide-thiol 
exchange reaction.[133, 134] The reversible nature of the disulfide linkage has 
been used widely in the development of chemosensors, prodrugs, polymer 
hydrogels, nanomaterial carriers, and other agents. Due to the biocompatibility 
and biodegradability of this class of compounds, disulfide linkages have also 
found use in applications such as bioimaging and drug delivery.[135-137] 
The bond energy of the disulfide bond is about 40% weaker than a typical 
covalent bond such as a C-C or C-H bond. Thus, similar to hydrogen bonds, 
metal-ligand bonds, ionic interactions, and other non-covalent bonds (see the 
bond energy figure in Chapter 1, Figure 1. 2), the disulfide bond has a reversible 
and dynamic nature, and, therefore, can be utilized to construct functional 
supramolecular assemblies. As reviewed in Chapter 1, supramolecular 
assemblies are of interest because: 1) they are capable of self-assembling 
spontaneously and quickly into complex and ordered systems - many of which 
would be difficult to prepare using conventional synthetic methods; 2) they are 
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responsive to external stimuli such as temperature, pressure, solvent, etc; and 3) 
capable of self-repair or healing after disruption. Importantly, via selection and 
design of the monomers and noncovalent interactions, the strength and direction 
of the interactions responsible for the supramolecular polymers can be adjusted 
and desirable functionalities can be incorporated. Therefore, supramolecular 
polymers not only provide alternatives to conventional polymers, but also 
introduce unique and interesting functions for the design of “smart” polymeric 
assemblies for use in fields ranging from biomaterials to energy transfer and 
storage. 
Herein, we take advantage of the dynamic and reversible nature of the 
disulfide bond and designed a bi-functionalized disulfide based diphosphonium 
ionic polymeric network (Figure 3.1). Supramolecular ionic networks are new 
electrostatically crosslinked networks synthesized from multi-cations and multi-
anions through ionic interactions while maintaining a charge ratio of 1: 1. To 
synthesize a supramolecular network requires two different molecular structures 
whereby one structure possesses at least two and the other three or more 
molecular recognition groups.[138] Specifically, we complexed the bifunctional 
disulfide based phosphonium with EDTA which has four anions. This mixture 
should afford a network structure when there is a disulfide bond bridge as the 
crosslinker. When the disulfide bond is cleaved, the requirement to form the 
networks is not met and the network is loss. Combining the reversibility of the 
disulfide bond and the use of ionic interactions to create self-assembled networks, 
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a direct switch between a network and a non-network can be realized and the 
thermal and rheological properties were characterized. 
 
3.2 Synthesis of Monomer and Supramolecular Assembly 
 A mono-phosphonium ionic liquid with a single thiol was prepared from 
the 1, 6-dibromohexane in three synthetic steps (Figure 3. 2). The resulting 
monomer was dimerized by oxygen to afford the disulfide di-phosphonium. 
Then the dimer was mixed with EDTA to form the network. The monomer was 
also mixed with EDTA, which doesn’t have a sufficient number of interactions to 
form a network. This formulation served as a control for our experiment (Figure 
3. 3).  
 
3.3 Viscosity Measurements 
Rheometry was performed to investigate the viscosity change between the 
network and the non-network. All samples were dried at 80℃ overnight before 
test.  The monomer has a very low viscosity around 7 Pa.s and it doesn’t increase 
much by mixing with EDTA. The viscosity of the dimer was very high, 
presumably because the dimer has a symmetrical structure and the molecules 
can pack more tightly. After adding EDTA to the dimer, the viscosity increased 
dramatically to about 4000 Pa.s, which was clear evidence of network formation. 
The direct switch from thiol-EDTA to disulfide-EDTA was realized by oxidation 
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with O2 at 40℃. Dithiolthreitol (DTT) was utilized to reduce the disulfide-EDTA 
to thiol-EDTA in situ. 
3.4 Thermal Characterization 
In order to further probe the thermal properties of the two ILs. DSC and 
TGA were performed to determine the glass transition temperature and 
decomposition temperature of the ILs and their corresponding EDTA mixtures.  
According to TGA, the ILs are thermally stable and don’t decompose until 
300℃. DSC was conducted by consecutive cooling and heating between -70 to 
200℃. The heating curve of the third cycle of each sample is shown in Figure 3. 5. 
The disulfide is stiffer than the thiol and therefore showed a higher glass 
transition temperature at -15 ℃, while the glass transition of the thiol is about 
25℃’s lower. EDTA crosslinks the dicationic phosphoniums on the disulfide 
possessing the linkage and a lower Tg was observed at -39℃. Likewise adding 
EDTA to the thiol also affords new ionic interactions in the mixture and bought 
the Tg down. In the disulfide-EDTA assembly, a crystallization peak was 
observed followed by a phase transition, which is at 140℃. 
 
3.5 Viscosity- Conductivity Relationship 
Conductivity and viscosity of the ILs were also measured as a function of 
temperature. The viscosity-conductivity relationship of the disulfide (dicationic 
phosphonium) and thiol (monocationic phosphonium) was studied. In order to 
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investigate if the high conductivity of the thiol results from the shorter alkyl 
chains on the presence of the thiol, a control group (MButC6Br) with similar 
alkyl chain length as the thiol but replacing the sulfur with carbon was tested. 
As shown in Figure 3. 6, the viscosity value of the disulfide underwent a 
dramatic change (about three orders of magnitude) as the temperature increased 
from 25℃to 90℃. At 90℃, it was almost comparable to the thiol (< 10 Pa.s), while 
there was no significant change in viscosity for the thiol within this temperature 
range. As a general trend, with temperature increasing, the viscosities reduced 
and conductivities increased, demonstrating that viscosity was correlated to 
conductivity. For example, from 25℃ to 90℃, the viscosity decreased from 2130 
Pa.s to 5.13 Pa.s for the disulfide, while the conductivity increased from 0.62 
uS/cm to about 100 uS/cm. However, viscosity is not the only factor that 
influences conductivity. The increase in the conductivity is relatively small 
compared to the big change in the viscosity, whereas a small change in viscosity 
of the thiol leads to more than two orders of magnitude’s increase in 
conductivity (from 21.4 uS/cm to about 1,000 uS/cm). MButC6Br shows almost 
exactly the same viscosities from 25℃to 90℃ due to its similar structure. 
However, the conductivity of the thiol is almost twice that of MButC6Br at 120℃
(3300 um/s vs 1900 um/s). Thus, being a smaller molecule is not the only reason 
why the thiol has higher conductivity compared to its dimer. We suspected that 
the deprotonation of the thiol group and the resulting extra ions contribute to a 
less viscous liquid. 
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3.7 Conclusions 
In summary, we have designed and synthesized a bi-functionalized 
disulfide based diphosphonium ionic polymeric network. The network enabled 
high viscosity as ionic interactions and the disulfide bond crosslinked the 
material. When the disulfide bond is cleaved by a reducing agent, the viscosity 
dramatically decreased and the network is lost. Thermal studies were conducted 
and the phase transition temperatures were characterized. Combining the 
reversibility of the disulfide bond with ionic interactions, provides a direct 
switch between a network and a non-network. 
 
3.8 Materials and Methods 
General procedures and materials. 
All chemicals were purchased from Aldrich or Acros at highest purity 
grade and used without further purification. All reactions were performed under 
nitrogen atmosphere. 1H (400 or 500 MHz), 13C (101 or 126 MHz) and 31P (161 MHz) 
NMR spectra were recorded on Varian INOVA spectrometers. Electrospray mass 
spectra were obtained on an Agilent 1100 LC/MSD Trap with ESI and APCI 
sources. 
 
General Procedure for Thermal Measurements  
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Thermalgravimetric Analysis (TGA) measurements were performed with 
TGA Q50. All samples were heated from 20 to 500℃ at a heating rate of 50℃
/min. Samples were also tested with Differential Scanning Calorimetry (DSC) at 
a heating rate of 20℃/min and a cooling rate of 10℃/min from -100 to 200℃. All 
samples were measured between 5 to 10 mg and scanned for three heat-cool 
cycles. 
 
General Procedure for Rheological Measurement 
About 1 mL of each sample was placed on an AR 1000 Controlled Strain 
Rheometer from TA Instruments equipped with a peltier temperature control 
using a 20 mm diameter parallel aluminum plate. In order to load the sample on 
the geometry properly, samples were first rolled to pellets then melted on the 
peltier at 60℃ to ensure the sample fully covered the geometry. The gap was set 
to be 1.0-2.0 mm in all the runs. To minimize the effect of moisture in the air, the 
experiments were performed in a glove bag filled with nitrogen gas. Prior to each 
test, a pre-shear was done at shear rate 100 1/s for 10 s to eliminate the physical 
memory of the sample, followed by a 15 minutes equilibrium step in order for 
the sample to reach a steady state condition. 
Strain amplitude from 0.1 to 10% was determined to lie within the linear 
viscoelastic region (LVR) via an oscillatory strain sweep at a fixed frequency (1 
Hz). Dynamic shear measurements covering 0.628- 628 rad/s were conducted to 
obtain dynamic viscosity, storage modulus (G'), loss modulus (G'') and phase 
angle. Measurements were typically performed at 25℃ unless temperature effect 
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was investigated. Oscillatory temperature sweep was conducted from 10℃ to 95℃
with increment of 5℃ and 1 minute equilibrium at each temperature. Strain and 
frequency were set to be 1.0% and 1 Hz, respectively. The details of the multiple 
sweep procedure for the oscillatory frequency sweep and temperature sweep 
experiments can be found in the SI. 
Steady State Flow was conducted at shear rate 0.01-50 1/s from 25℃ to 
95℃. The values of the plateaus found at very low shear rates, where the 
viscosity did not change as the shear rates increase, were taken as the zero shear 
viscosity at each temperature.  A creep-recovery experiment was performed by 
subjecting the sample to 500 Pa of stress for 8 min. Then the stress was totally 
removed and the sample was left for deformation recovery for 8 min. 
 
Synthesis of 6-bromohexyl thioacetate 
 In a round bottom flask charged with a stir bar and 2.5 g potassium 
ethanethioate (21.9 mmol) in DMF, 10.7 g 1,6-dibromohexane (43.8 mmol) was added 
dropwise via syringe. The mixture was stirred at room temperature for 24 hours. The 
solvent is removed under reduced pressure. The formed oil is dissolved in 100 
mL of DCM and washed by 2*30 mL of water and 30 mL of brine. The organic 
layer is dried on anhydrous MgSO4 and the solvent is removed under reduced 
pressure. Pure compound are finally obtained after purification on column (from 
99/1 to 95/5; cyclohexane/ethyl acetate) (Yield: 61 %). Rf: 0.56 (9/1; 
Cyclohexane/Ethyl acetate). 1H NMR (400M, CDCl3): 1.31-1.41 (m, 4H); 1.49-1.55 
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(m, 2H); 1.75-1.83 (m, 2H); 2.26 (s, 3H); 2.80 (t,J=8 Hz, 2H); 3.34 (t, J=8 Hz, 2H). 13C 
NMR (CDCl3): 27.6; 27.8; 28.9; 29.3; 30.6; 32.5; 33.7; 195.6. NMR 31P (161 MHz, 
CDCl3): 31.3. MS: 
 
Synthesis of (6- acetylthio) hexyl) tributylphosphonium bromide 
An oven-dried round bottom flask was charged with a stir bar and 2.0 g 6-
bromohexyl thioacetate (8.4 mmol) in glove box. 1.7 g P(Bu)3 (8.4 mmol) was added via 
a syringe. Then, the vessel was sealed with septum and moved out from the glove box, 
and stirred at 80oC for 24 hours. After reaction, the mixture was concentrated under 
vacuum to afford the crude product (yield: 92%). Rf: 0.61 (9/1; DCM/Methanol). 
1H NMR (CDCl3): 0.91 (t, J=6 Hz, 9H); 1.34-1.61 (m, 20H); 2.26 (s, 3H); 2.32-2.46 (m, 
8H); 2.78 (t, J=6 Hz, 3H). 13C NMR (CDCl3): 13.3; 13.4; 18.3; 18.6; 19.3; 19.5; 21.4; 
21.5; 23.6; 23.9; 24.1; 26.7; 27.7; 28.0; 28.5; 28.9; 29.7; 30.0; 30.5; 195.7. 31P NMR 
(CDCl3): 32.7. Mass (m/z): 361.5  
 
Synthesis of tributyl (6-mercaptohexyl) phosphonium bromide 
In a round bottomed flask 4.4 g of compound  (6- acetylthio) hexyl) 
tributylphosphonium bromide (10 mmol) are dissolved in 50 mL of methanol and 50 
mL of 0.2 M HBr methanol solution are added. Dean-stark apparatus and 
refregerent are adapted and the mixture is heated 2 h at 95℃. The solvant is 
removed under reduced pressure. 3.88 g of compound are obtained after 
purification on column (95/5, DCM/Methanol). Yield: 97 %. Rf: 0.58 (9/1; 
DCM/Methanol) 1H NMR (CDCl3): 0.97 (t, J=6 Hz, 9H); 1.41-1.85 (m, 20H); 2.37-
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2.58 (m, 10H). 13C NMR (CDCl3): 13.5; 13.6; 18.6; 18.9; 19.5; 19.8; 21.7; 21.8; 23.7; 
23.8; 24.0; 24.4; 27.0; 27.5; 28.2; 30.0; 30.3; 33.4. 31P NMR (CDCl3): 32.7. Mass (m/z): 
319. 
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n Figure 3. 1 Structure and schematic of a disulfide-based supramolecular 
ionic network 
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n Figure 3. 2 Synthetic route to prepare the sulfur-based ionic liquid 
monomer 
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n Figure 3. 3 Thiol-EDTA and disulfide-EDTA exchange reaction 
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n Figure 3. 4 Viscosities of the thiol monomer, disulfide dimer and their 
complexes with EDTA (n=3) 
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n Figure 3. 5 DSC curves of thiol monomer, disulfide dimer and their 
complexes with EDTA 
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n Figure 3. 6 Conductivity measurements of the thiol IL and the disulfide IL 
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CHAPTER 4:  From Brittle to Pliant Viscoelastic Materials with Solid State 
Linear Polyphosphonium - Carboxylate Assemblies 
Adapted from: From Brittle to Pliant Viscoelastic Materials with Solid State 
Linear Polyphosphonium–Carboxylate Assemblies Macromolecules 2012, 45, 
2509–2513. 
 
4.1 Introduction 
Self-assembly methodologies are of significant utility as the use of 
noncovalent bonds such as H-bonding, van der Waals forces, or $-$ interactions 
enable the preparation of new materials notably different than their covalent 
analogs.[139-151] Recently, we reported the synthesis and properties of new 
ionic networks formed between a small molecular diphosphonium ionic liquid 
and a multivalent carboxylate anion (e.g., EDTA).[152, 153] The electrostatic 
interactions between the cationic diphosphonium and the carboxylate anion are 
sufficient to afford supramolecular materials with defined shapes (e.g., fibers) 
and macroscopic properties (e.g., viscoelasticity).  Building upon these results, 
we are investigating self-organizing ionic materials where the properties cannot 
only be varied but also controlled based on discrete changes in the number of 
non-covalent interactions.  In this work we report the synthesis of a linear 
polystyrenylphosphonium polymer (Figure 4. 1) able to form several different 
supramolecular assemblies with mono- and dicarboxylates.  Based on the nature 
of the anion, the properties of these ionic materials are found to be quite diverse, 
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including 1) brittle, glass-like materials, 2) rubbery balls that bounce, and 3) 
sticky fibers that flow upon plucking. 
As these materials are held together through ionic interactions they belong 
to a class of solid-state polyelectrolyte-surfactant complexes.[154-159] Although 
such complexes can also be formed via H-bonding[160-162] and metal-ligand 
bonds,[163] we will focus our attention on those complexes formed via 
electrostatic interactions.  For example, Antonietti et al. have studied and 
characterized the structure of supramolecular assemblies formed between 
poly(styrenesulfonate) and alkyltri-methylammoniums of C12 to C20 in alkyl 
chain length or polyacrylates with cetyltrimethylammonium.[154, 164] Likewise 
Thünemann et al. have investigated cationic poly(dimethyldiallylammonium) 
and its structure with a sulfonated silicon surfactant or a soybean lecithin.[165, 
166]  Structural studies using X-ray scattering have shown that poly(ethylene 
imine) and n-alkyl carboxylic acids form lamellar structures  which are 
dependent on composition of the coordinating acid as well as the ratio of the two 
components.[167, 168]  Such polyelectrolyte-surfactant interactions can also be 
used to form small vesicles as found between the diblock copolymer of 
poly(ethylene oxide) and poly-(sodium methacrylate) (PEO-b-PMANa) and a 
single-tail cationic surfactant like cetyltrimethylammonium bromide.[169]  These 
interactions have been used to tune the optical properties of conjugated 
polyelectrolytes via coordination of a cationic[170]  or zwitterion surfactant.[171] 
Finally, polyelectrolyte-surfactant complexes have been recently reported as 
thermoreversible organogelators.[172]  As such, these solid-state polyelectrolyte-
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surfactant complexes are of interest for basic studies as well as for potential 
applications. 
 
4.2 Synthesis 
4.2.1 General Synthesis and Free Radical Polymerization 
In our system, we are interested in the solid-state polyelectrolyte-
surfactant complexes formed between a polystyrenylphosphonium and four 
different carboxylates.  The polystyrenylphosphonium polymer, 2, was 
synthesized in two steps as shown in Figure 4. 1. The monomer, 1, was obtained 
by reacting 4-chloromethylstyrene with an excess of trihexylphosphine in 
acetonitrile at 60 °C for 10 hrs. The chlorophosphonium styrene derivative was 
isolated as a white powder by removing the remaining starting material under 
high vacuum (yield 88 %).  Polymer 2 was obtained using AIBN as the free 
radical initiator of 1 in anisole after 12 hrs.  The Mw of 2 was controlled by the 
addition of 5 % dodecanthiol as a chain transfer agent. Precipitation of the 
polymer in hexane gave 2 as a white powder (Yield 84 %; Mw 60,000; PDI 1.8; 
mp = 110-120 °C).  The polymer is soluble in water, DMSO, DCM, and THF.  As 1 
is an ionic liquid monomer, the polymerization of ionic liquid monomers is also 
of general interest,[173-175] and, recently, Long et. al. have reported new 
phosphonium tri-block copolymers using an ionic liquid monomer.[124] 
The supramolecular ionic materials were prepared by dissolving 2 and 
either dodecandioic acid, stearic acid, oleic acid, or 15-oxo-2,5,8,11,14-
pentaoxaoctadecan-18-oic acid in a volatile organic solvent (e.g., DCM) followed 
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by removal of the solvent and volatiles under high vacuum at 80 °C.  The 
samples were then cooled to room temperature. The resulting ionic materials 
exhibit strikingly different physical and rheological properties depending on the 
carboxylate counter anion.  Specifically, substituting the chloride counter anion 
of 2 for dodecandioic acid, while maintaining the charge ratio of 1:1, afforded a 
transparent and relatively hard and brittle material (Figure 4. 2a).  This ionic 
material, 2-3, was a crosslinked network with the diacid bridging between the 
phosphonium centers.  Coordination of the carboxylate to the phosphonium was 
confirmed by IR as the C=O stretching frequency shifted from 1690 to 1719 cm-1 
upon binding.  
 
4.2.2 Controlled Radical Polymerization and Varied Molecular Weights 
 Building on our earlier success, we have explored two other synthetic 
routes to this class of polymers as outlined below, Nitroxide mediated 
polymerization (NMP) and Atom transfer radical polymerization (ATRP). Both 
NMP and ATRP are living radical polymerizations which can afford precisely 
controlled molecular weight polymers with a narrow molecular weight 
distribution. ATRP can be used with a wide-variety of monomers but transition 
metals such as Cu are needed for the polymerization. NMP is particularly good 
for styrenyl monomers.  More than 10 polystyrenyl phosphoniums were 
synthesized using the NMP and ATRP methods. The molecular weight was 
varied or controlled by changing the concentration of initiators, chain transfer 
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reagents, or temperatures. Using these methods polystyrenyl phosphonium 
polymers of molecular weight from 10,000 to 250,000 were prepared. By using a 
Waters HR5E (DMF) column and a Styragel Mixed B column with DMF+0.05M 
LiBr as the eluent at 50℃, molecular weight can be determined. 
 
4.3 Chemical and Physical Characterization of Polyelectrolyte Networks 
2-3 has an equilibrium modulus (E) of 21 MPa, and a phase angle (δ) of 14 o 
(Figure 4. 3), characteristic of a solid material.  All rheological experiments were 
performed using an AR 1000 Controlled Strain Rheometer (TA instruments) and 
the data are reported at 25 °C.  
In order to create a softer material that was less brittle with more 
viscoelastic character, we substituted dodecandioic acid for stearic acid, 4, or 
oleic acid, 5.  The aliphatic acids coordinated with the phosphonium centers but 
were unable to crosslink the polymer chains of 2.  These ionic materials, 2-4 and 
2-5, were softer matter (Figure 4. 2b).   Specifically, ionic materials 2-4 and 2-5 
had an E and δ of 9 MPa and 27 ° and 11 MPa and 24 °, respectively (Figure 4. 3). 
When shaped into a ball and dropped from a height of 30 cm, the 2-5 ionic 
material bounced back to about 45% of the original height. To further alter the 
mechanical properties of the ionic material, we used 15-oxo-2,5,8,11,14-
pentaoxaoctadecan-18-oic acid, 6, instead of oleic acid.  The 2-6 ionic material 
was more fluid-like and sticky with more viscous character.  It has an E of 0.2 
MPa and δ of 63 °.  When stretched between two plates, the material gave a 
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string that flowed upon plucking (Figure 4. 2c).  There have been only a few 
reports on the mechanical properties of polyelectrolyte-surfactant materials, 
notably the reports by Thünemann[165] and Antonietti,[176] who studied the 
mechanical properties of a poly(dimethyldiallylammonium) - 
isopropylammonium 6-(tri-methylsilyl)-n-hexylsulfate complex and of a 
polyacrylic acid-didodecyldimethylammonium complex, respectively. 
Because ionic materials, 2-4, 2-5, and 2-6 display interesting viscoelastic 
properties, we have performed creep and recovery experiments to further 
characterize and quantitate this viscoelasticity. In the creep part of the 
experiment, a constant stress (640 Pa) was applied on the sample for a duration 
of 10 minutes.  The stress was then removed and the material was allowed to 
relax for an additional 10 minutes.  As shown in Figure 4. 4, the % recovery for 2-
4, 2-5, 2-6 was 24%, 28%, 5%, respectively.  The stearic (2-4) and oleic (2-5) acid 
based ionic materials absorb more energy while the 2-6 displays a higher strain 
response with low recovery similar to a liquid. To further investigate the 
phosphonium-carboxylate coordination on the viscoeleastic properties, we 
replaced the oleic acid with oleyl alcohol, 7.  The resulting ionic material 2-7 was 
less viscous and more solid-like.  This observation was supported by the 
rheological measurements that showed going from 2-5 to 2-7 the E increased 
from 11 MPa to 20.6 MPa and the phase angle decreased from 24 ° to 13.8 °.  In 
fact, a similar result was obtained by mixing 2 with DMSO at the same 
concentration.  We attributed this change in material property to the oleyl 
alcohol acting as a solvent for 2 at high concentration.  In contrast, when oleic or 
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stearic acid is used, coordination to the phosphonium cation leads to a more 
organized state where the chains may be aligned imparting fluidity to the 
material.  This type of structure has been previously observed with polyacrylic 
acid & alkyl-ammonium[176] and poly(ethylene imine) alkyl-carboxylate[167] 
complexes that form lamellar bilayers with corresponding phase transitions. 
 
4.4 Structural Characterization: X-ray Study 
Finally, the materials were investigated using differential scanning 
calorimetry (DSC) and small-angle X-ray scattering (SAXS).  By DSC we 
observed a phase transition for 2-4 at 66 °C, which we attributed to packing of 
the stearic acid chains.  However, no thermal transitions were observed for 
assemblies 2-3, 2-5 or 2-6.   
SAXS measurements for the 2-4 sample gave a lamellar structure with five 
sharp equally-spaced Bragg reflections corresponding to a 3.9 nm lamellar repeat 
period (Figure 4. 5). This lamellar repeat period, which was observed either at 
ambient humidity or under vacuum, was 0.5 nm greater than the lamellar repeat 
period previously observed for a PEI-stearic acid complex.[167] Since the 
polystrenyl polymer 2 should have a larger thickness than PEI, we propose that 
the structure of 2-4 is similar to the model reported for PEI:stearic acid,[167] with 
each layer composed of ionic sheets of 2 covering bilayers containing the highly 
tilted interdigited stearic chains of 4 (4.ure 4. 6). It is interesting to note that peak 
intensities of even order Bragg peaks (2q0 and 4q0 peaks) were strongly reduced 
as compared to odd order peaks with the 5q0 peak being significantly more 
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intense than the lower order 4q0 one.  This feature, commonly observed in 
symmetrical block copolymer systems self-assembled into a lamellar 
structure,[177] can be attributed to a particular symmetry of the electron density 
profile in the periodic stacking, where the width of the electron-rich region (δH/2), 
corresponding to benzyl phosphonium-carboxylate group, is close to half the 
stacking period—see structural model in Figure 4. 6. 
As evidenced in Figure 4. 5, the SAXS data obtained for the 2-3 and 2-5 
samples exhibited a diffuse scattering with 2-5 giving broad bands centered near 
q = 2 and 4.8 nm-1 and 2-3 giving broad bands near q = 2.7 and 4.8 nm-1.  The 
diffuse pattern from 2-5 was similar in shape to the diffuse scattering observed 
with system 2-4. This diffuse scattering originates from the bilayer form factor 
contribution expected from the structural model proposed in Figure 4. 6.  That is, 
the characteristic shape of the diffuse scattering, including the low-angle 
intensity dip found at ca. 1 nm-1, is accounted for by assigning a thickness of δH = 
2.07 nm to the electron-rich domain of the bilayer, and δT = 1.85 nm to the 
hydrocarbon region of the bilayer.  We therefore propose that the 2-5 assembly 
has bilayers with similar geometric parameters as compared to the 2-4 assembly. 
As no Bragg reflections were observed, there was no long-range organization for 
the 2-5 assembly. Thus, we propose that 2-4 contains both well-ordered stacked 
arrays giving Bragg reflection as well as unordered bilayers giving diffuse 
diffraction, whereas 2-5 contains only unordered bilayers with no long-range 
organization so that only diffuse scattering is observed. The structure for 2-3 
assembly is less clear, even though we did obtained a diffuse diffraction pattern.  
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Unfortunately, it was not possible to obtain any structural information from the 
weak signal recorded with the 2-6 sample (data not shown). 
 
4.5 Conclusions and Future Directions 
In summary, we have synthesized a linear styrenyl phosphonium polymer 
using free-radical polymerization.  Different polymerization methods were 
utilized to afford a wide range of molecular weights and different degrees of 
polydispersity control. This polymer can be mixed with various anions to 
produce viscoelastic ionic assemblies or complexes with varying material 
properties.  The mechanical properties of these ionic materials can be 
systematically varied through choice of the coordinating anion – an aliphatic 
dianion affords a more glassy-like, brittle material whereas an aliphatic 
monoanion gives a viscoelastic material.  For one of the mono-anion assemblies 
(stearic acid - polystyrenylphosphonium assembly), the SAXS data provide 
insight into the structure-property relationship as a lamellar-like structure is 
formed where the hydrocarbon chains are inter-digitated but can flow past each 
other under an applied stress giving the viscoelastic properties.  As this is the 
first report on these materials, additional studies are planned to better 
understand the trends in properties with composition (e.g., varying the Mw of 
the polymer) as well as the origins of the macroscopic mechanical properties.  
These results, in combination with those reported by others, provide data that 
are critical to understanding these polyelectrolyte-surfactant materials as well as 
to manipulating the properties for a specific application.  Continued research 
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with new small molecule and macromolecular phosphoniums and their mixtures 
with mono- and multi-valent anions will lead to new materials with interesting 
structural and rheological properties. 
 
4.6 Materials and Methods 
General procedures and materials. 
All chemicals were purchased from Aldrich or Acros as highest purity 
grade and used without further purification. All reactions were performed under 
nitrogen atmosphere. NMR spectra were recorded on Varian INOVA 
spectrometers [for 1H (400 or 500MHz), 13C (101 or 126 MHz) and 31P (161 MHz)]. 
Electro Spray mass spectra were obtained on an Agilent 1100 LC/MSD Trap with 
ESI and APCI sources. 
 
Synthesis of trihexyl(4-vinylbenzyl)phosphonium chloride  
 Under nitrogen, 4-chloromethylstyrene (3.4 g, 22.2 mmol, 1 eq) and 
trihexylphosphine (7.02 g, 24.4 mmol, 1.1 eq) were dissolved in 5 mL of 
acetonitrile. The mixture was stirred overnight at 60 °C. The solvent and excess 
of starting material were then removed under high vacuum overnight. The 
compound was used for the next step without further purification. 8.6 g of 
product was isolated (Yield: 88 %). Rf: 0.5 (DCM/Methanol, 95/5).  NMR 1H (400 
MHz, CDCl3): 0.86-0,9 (m, 9H), 1.24-1.47 (m, 24H), 2.38-2.45 (m, 6H), 4.29 (s, 1H), 
4.33 (s, 1H), 5.29  (d, J = 18 Hz, 1H), 5.76 (d, J = 18 Hz 1H), 6.69 (dd, J = 8 and 18 
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Hz, 1H), 7.38-7.43 (m, J = 8 Hz, 4H). NMR 13C (101 MHz, CDCl3): 13.7, 18.5, 19.0, 
21.5, 22.1, 26.4, 26.8, 30.2, 30.4, 30.8, 114.5, 126.8, 128.2, 130.2, 135.7, 137.4. 
NMR 31P (161 MHz, CDCl3): 31.3. HRMS (ESI): [M-Cl]+ calcd 403.3494, found 
403.3487.  
 
Synthesis of poly-(trihexyl(4-vinylbenzyl)phosphonium chloride) 
In a Shlenck tube, the compound 1 (2.89 g, 6.6 mmol) was dissolved in 
anisol (3 mL). The dodecanethiol (65 mg, 0.33 mmol, 0.05 eq) and AIBN (1.6 mg, 
0.01 mmol, 0.0015 eq) were then added. The mixture was stirred overnight at 
70 °C. The reaction was stopped by cooling the mixture to room temperature and 
exposing it to oxygen. The polymer was precipitated in hexane and filtered. 2.44 
g of polymer was obtained (Yield: 84 %). All NMR signals appear as broad peak. 
NMR 1H (500 MHz, CDCl3): 0.84, 1.25, 1.43, 2.42, 6.41, 7.37. NMR 13C (126 MHz, 
CDCl3): 13.9, 18.7, 19.1, 21.7, 22.3, 30.2, 30.6, 31, 126.1-130.5. NMR 31P (161 MHz, 
CDCl3): 31.2. Size exclusion chromatography (SEC) was performed with 
dichloromethane as the solvent at a flow rate of 1 mL/min as eluent through an 
Agilent PLgel 3mm Mixed-E 300×7.5mm column. The molecular weights were 
measured against polyethylene glycol standards.  SEC studies gave a molecular 
weight: 60000 g.mol-1 (PDI: 1.83). 
 
Synthesis of 15-oxo-2,5,8,11,14-pentaoxaoctadecan-18-oic acid 
Anhydrous pyridine (2 mL) was added first at 0 °C to succinic anhydride 
(2 g, 20 mmol, 2.1 eq). Tetraethyleneglycolmonomethyl ether (2 g, 9.6 mmol, 1 eq) 
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was then added. The reaction mixture was stirred for 4 hours at room 
temperature. 20 mL of ice cold 1M HCl solution in water was added. The mixture 
was then extracted 3 times with 50 mL of DCM and the organic layer was 
washed once with 20 mL of brine. The organic phase was dried with Na2SO4 and 
the solvent was removed under reduced pressure. 2.76 g of product was isolated 
after chromatography (95/5, DCM/Methanol), (Yield: 93 %). Rf: 0.36 (90/10, 
DCM/Methanol). NMR 1H (400 MHz, CDCl3): 2.66 (s, 4H), 3.38 (s, 3H), 3.55-3.57 
(m, 2H), 3.64-3.71 (m, 12H), 4.24-4.27  (m, 2H). NMR 13C (101 MHz, CDCl3): 29.0, 
29.3, 58.9, 63.8, 69.0, 70.4, 70.5, 70.6, 71.8, 172.2, 175,4. HRMS (ESI): [M+Na]+ calcd 
331.1369, found 331.1367 
 
General procedure for mixture preparation. 
The polymer (300 mg) was added to the corresponding carboxylic acid (1 
eq per charge). The mixture was dissolved in organic solvent (DCM or THF) and 
mixed to give a homogenous mixture. The solvent was then removed under high 
vacuum at 80 °C for 12 hours. 
 
General procedure for bounce assays 
A 90 mg ball was prepared by rolling the IL polymer 2. The ball was then left for 
20 s at room temperature. The ball was then dropped onto a hard Bakelite surface, in 
front of a 12 inch ruler. The highest point to which the ball bounced back was measured. 
The experiment was performed 10 times, and the ball was left at room temperature for 10 
seconds between each test. 
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General procedure for rheology assays 
A TA AR1000 rheometer equipped with a Peltier temperature controller 
and a 20 mm aluminum (plane-plane) geometry was used for creep recovery 
experiments and a 12 mm steel geometry was used for G', E modulus and delta 
angle determination. All rheological measurements were performed at 25 °C and 
the viscosity data were reported at a frequency of 1 Hz.  The samples were dried 
prior to the measurements. 
 
Differential scanning calorimetry 
Thermal transitions were measured using a Differential Scanning 
Calorimetry (Q100, TA instruments) at a heating rate of 20℃/min and a cooling 
rate of 10℃/min from -100 to 200℃. 
 
X-ray diffraction 
Two sets of X-ray diffraction experiments were performed.  In one, 
specimens were prepared by drying a chloroform solution of the assembly onto a 
curved glass substrate and patterns were recorded at ambient conditions using a 
line-focused X-ray camera with a flat plate film cassette loaded with Kodak 
BioMax film.[178]  A second set of small angle X-ray scattering (SAX) 
experiments were realized with a H.I. Nanostar device (from Bruker) with point 
collimation and wavelength of the radiation equal to l = 1.5418 Å. Experiments 
were performed under vacuum, at room temperature and a 2D gas detector 
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(HiStar, also from Bruker. 1024 x 1024 pixels with 100 mm pixel size) was used 
for recording the spectra. The sample-to-detector distance was 25.5 cm. Each 
sample was placed in the window of a metal cylinder inserted into a glass 
capillary with a diameter of 3 mm. 
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n Figure 4. 1 Phosphonium polymer synthesis. i: 1.1 eq trihexylphosphine, 
acetonitrile, 60 °C, 10 h. ii: AIBN, dodecanthiol, anisole, 70 °C, overnight. b) 
Photograph of the synthesized polymer. 
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n Figure 4. 2 Preparation route for the solid-state linear 
polyphosphonium - alkyl carboxylate assemblies.  a) Photograph of a brittle ionic 
material formed with the dicarboxylate counter anion, 3. b) Photograph of an 
ionic material formed with the mono fatty carboxylate counter anion, 5, that 
bounces. c) Photograph of a sticky elastic ionic material formed with the 
tetraethylenglycol carboxylate, 6, as the counter anion. 
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n Figure 4. 3 Equilibrium modulus (E) and phase angle (δ) for the ionic 
materials 
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n Figure 4. 4 a) Creep and recovery profiles for 2-4, 2-5, and 2-6 
assemblies. b) Percent recovery for 2-4, 2-5, and 2-6 assemblies 
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n Figure 4. 5 SAXS data for 2-4 (filled triangles), 2-5 (empty circles), and 2-3 
(filled circles) assemblies. The initial scattered intensity was multiplied by a 
factor of 3 for the 2-5 sample  and by a factor 9 for the 2-4 sample. 
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n Figure 4. 6  Illustration of the proposed lamellar structural model of 2-4 
with each layer composed of ionic sheets of 2 containing the tilted hydrocarbon 
chains of 4 
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n Figure 4. 7 (top) Nitroxide mediated polymerization and (bottom) atom 
transfer radical polymerizatio route to the polystyrenyl phosphonium polymers. 
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n Table 4. 1 SEC results of Molecular weight synthesized by free radical 
reaction, NMP and ATRP 
 
 
Name Conc of monomer(mol/L) AIBN (%) DDT(%) Temp (
oC) Time (h) Mw (g/mol) PDI
PSP23
PSP24
PSP42
PSP56
PSP28
0.36
0.23
0.45
2.00
0.45
5
5
1
5
2
10
5
0.5
2
-
85
85
85
85
85
16
16
16
16
16
10868
11705
54319
143993
226598
1.05
1.13
1.70
1.63
1.63
PSP73 0.30 5 1 150 48 19104(theo:8780) 1.12
1
2
3
4
5
7 PSP79 2.5 1 1 1
Name Conc of monomer(mol/L) BPO (%) TEMPO (%) Temp (
oC) Time (h) Mw (g/mol) PDI
Name Conc of monomer(mol/L) EBiB (%) HMTETA (%) Temp (
oC) Time (h) Mw (g/mol) PDICuBr (%)
150 48 32084 (theo:43900) 1.01
6
NMP
ATRP
Free Radical
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CHAPTER 5: Thermally Stable, Nonflammable, High Li Salt Soluble 
Electrolytes for Lithium Metal Batteries:  Building Batteries for Downhole Oil 
Reservoir Operation 
 
5.1 Introduction 
Efficient and safe recovery of petroleum from new and existing reservoirs 
requires diagnostic technologies for mapping the pH, sulfur content, 
temperature, pressure, etc. Today, sensors are attached via wirelines for power, 
and, although useful, the reservoir areas that can be reached using a wireline are 
limited. The next generation of downhole oil sensors will be self-powered freely 
mobile devices that can migrate throughout a reservoir.[179-182] Although the 
power requirements might be minimal for these microdevices (~ 300 uW), the 
battery must operate at elevated temperatures, such as 100℃for several days. 
Rechargeable Li/Li-ion batteries are attractive for this application due to their 
high energy and power densities. However, the flammability of the low boiling 
organic electrolytes (e.g., ethylene carbonate, dimethyl carbonate) contained 
within current batteries precludes their use for downhole applications.[183-185] 
Herein, we report a Li/Li-ion battery that continuously operates for 30 days at 
100℃. Specifically, a non-flammable and temperature responsive phosphonium 
ionic liquid electrolyte is described which dissolves a high concentration of Li bis 
(trifluoromethanesulfonyl) imide (LiTFSI) to give a material possessing a wide 
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electrochemical stability window, compatibility with Li metal, and high thermal 
stability (Figure 5. 1). In addition, by exploiting the significant inverse 
relationship between temperature and viscosity/conductivity, ion mobility and 
battery operation can be switched from off to on enabling powering once placed 
downhole at 100℃ while remaining off between work transitions or when stored, 
thus, conserving overall battery lifetime.   
An electrolyte based on an ionic liquid was selected since these room 
temperature molten salts are being explored for a number of electrochemical 
applications.   a number for  non-flammable, possess zero-vapor pressure.[186-
188] Within this family of materials, the imidazolium ionic liquids received the 
greatest attention as potential new electrolytes because of their high ionic 
conductivity (> 6 mS/cm).[189] However, reports later showed poor 
compatibility with lithium metal, leading to high cathodic potential and narrow 
electrochemical window.[190] Phosphonium ionic liquids are far less studied, 
but are known to have better thermal stability than imidazoliums and other 
common ionic liquid cations yet with poor conductivity at RT. [191] 
 
5.2 Synthesis 
Thus, we synthesized a series of mono-cationic phosphonium ionic liquids 
possessing various alkyl chains lengths (C4, C6, and C10) surrounding the 
phosphonium and then paired them with different anions (Cl-, TFSI-, BF4-) to 
identify compositions that are potentially good electrolyte candidates for 
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downhole operation (Figure 5.2). The phosphonium based ionic liquids were 
prepared by reacting the trialkylphosphine with 1 equivalence of 1-chlorodecane 
at 140℃ for 24h, followed by an anion exchange reaction to replace the chloride 
anion with the TFSI anion. This pre-screening effort showed that increased chain 
length correlated to enhanced thermal tolerance of the ionic liquid while 
selection of the TFSI anion decreased the viscosity compared to Cl- and increased 
the ion conductivity. The Mono-HexC10P-TFSI composition was selected as it 
was stable at 100 C and 800 PSI for 5 days and did not degrade until 320℃ 
(marked as the 5% weight loss of the original sample weight) as measured by 
Thermogravimetric Analysis. The Mono-HexC10P-TFSI does not catch fire when 
exposed to an open flame and is non-flammable.  
 
5.3 Material Pre-Screening 
Firstly, the dependence of side alkyl chain length on the conductivity of 
the di-phosphonium ILs was determined. The conductivities of three typical di-
phosphonium ionic liquids (Di-ButC10Cl, Di-HexC10Cl and Di-OctC10Cl) with 
different side alkyl chain length were measured and compared. As shown in 
Figure 5. 2, the ionic liquids with 5%wt of LiTFSI salt added have higher 
conductivities than those of pure ionic liquids, which can be attributed to the Li+ 
transport. The Di-ButC10Cl ionic liquid exhibited the highest conductivity and 
Di-OctC10Cl the lowest. This result appears to be contradictory to the viscosity 
observation of these three ionic liquids. However, viscosity is not the only factor 
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contributing to the conductivity of the ionic liquids. The smaller molecule of Di-
ButC10Cl leads to its higher charge density inherently, and, thus, results in 
higher conductivity. When considering both the conductivity and viscosity, 
hexyl group was chosen as the optimal side alkyl chain. 
Ionic liquids with TFSI as the anion have been reported to possess good 
thermal stability and high self-diffusion coefficient, in additiona to being a 
hydrophobic anion. Thus, an anionic exchange reaction was performed with the 
chloride-containing ionic liquid, to replace the Cl- with TFSI-. Anion exchange 
was also performed on the mono-analogue. After purification, the new ionic 
liquids Di-HexC10TFSI and Mono-HexC10TFSI were obtained.  
Their conductivities with different LiTFSI concentrations as a dependence 
of temperature was determined as shown in Figure 5. 2. Both of the two new 
ionic liquids have much higher conductivities compared to their chloride 
analogues. For example, Di-HexC10TFSI exhibited significantly greater 
conductivity and the conductivity increased even further upon the addition of 
5%wt of LiTFSI. At 120℃, Di-HexC10Cl+15%wt LiTFSI has a conductivity of 
approximately 500 uS/cm while Di-HexC10TFSI+5%wt LiTFSI has a 
conductivity of approximately 2100 uS/cm.  This increase in conductivity is 
likely a result of the conjugated structure of the TFSI anion. The negative charge 
on the N can move along the conjugated backbone and is therefore easier to 
dissociate with phosphonium cation. Charge movement is thus promoted in the 
liquid media. Beyond 5%wt of LiTFSI, the conductivities of the two TFSI-based 
ionic liquids decrease presumably as the addition of salt increases the viscosity of 
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the mixture. Because the mono-IL has higher conductivity and lower viscosity 
than their di-counterpart, MonoHexC10TFSI was selected as the optimized 
phosphonium electrolyte. 
 
5.3 Ionic conductivity and Viscosity Measurements for Varied Li Salt 
Concentrations 
The ionic conductivities and viscosities as a function of temperature for 
the Mono-HexC10P-TFSI with different concentrations of LiTFSI salt (0.3M, 1.0M 
and 1.6M respectively) are shown in Figure 5. 5. The concentration of the LiTFSI 
salt affects both the conductivity and viscosity. The higher salt concentration 
affords a more viscous mixture and is therefore less conductive. Increasing the 
temperature dramatically decreases the viscosity and, thus, increases the 
conductivity for all of the three compositions. For example, at room temperature, 
all of the compositions are very resistant and display relatively low 
conductivities (~ 0.01 mS/cm), whereas at 100℃ the conductivities increases by 
two orders of magnitude and are ~1 mS/cm. When the temperature increases to 
100℃ the conductivity of the 0.3M IL formulation (~1.7 mS/cm) is almost twice 
the value measured for the 1.6M one (~1.0 mS/cm), and these values are similar 
to ((within an order of magnitude for)) LiTFSI/EDC mixtures at 25℃ and about 
the same or higher than the values for solid-state polymer electrolytes at 
100℃.[192] 
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5.4 Electrochemcial stability: Cyclic Voltammetry 
Next, the electrochemical stability of the phosphonium ionic liquid was 
analyzed by cyclic voltammetry using a three-electrode Li/Li/platinum setup 
(Figure 5. 6). The measurements were performed at both room temperature and 
100℃between -0.5 and 6.5 V (versus Li+/Li) at a scan rate of 1 mV/s. As shown in 
Figure 5. 6, the Mono-HexC10P-TFSI with 1.6 M of LiTFSI salt is stable up to at 
least 5.0V versus Li+/Li. Above 5.0 V, the decomposition of the TFSI anion occurs, 
which is consistent with literature reports.[193-195] The cathodic stability of the 
electrolyte mixture is good until the lithium plating and stripping occurs at -0.5 V 
and 0.2V, respectively, during the initial cycles. After a stable passive layer or 
solid electrolyte interface (SEI) is formed between lithium metal and the ionic 
liquid electrolyte, the lithium plating and stripping peaks disappear in the 
following cycles, enabling/signifying corrosion prevention at the interface. The 
SEM images of the Li metal before and after SEI formation are shown in Figure 5. 
7. The pristine lithium metal possess a smooth surface while after the cell is 
cycled for several times, the lithium surface becomes rough and is covered by a 
layer of substance, presumably the compounds formed due to the interaction 
between the lithium metal and phosphonium ionic liquid during cycling. 
Although we don’t anticipate any interaction between phosphonium cation and 
lithium metal, the interaction of TFSI anion with lithium forming a layer of SEI 
was reported before.[195, 196] This layer is relatively loosely packed and 
deposited on the Li surface of lithium, which is more clearly seen from the cross-
section view in Figure 5. 7(d). This layer is suspected to prevent future 
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interactions between the lithium metal and the electrolyte, and electrochemically 
stabilize the electrolyte down to 0 V. Therefore, it is demonstrated that the Mono-
HexC10P-TFSI is electrochemically stable spanning more than 5 V versus Li+/Li 
ranging from 25℃ to 100℃, suggesting superior electrochemical stability at high 
temperatures and the possible use as high-potential cathode materials.  
 
5.6 Battery Cycling at 100℃  
In order to evaluate the performance of the Mono-HexC10P-TFSI 
electrolyte at 100℃, prototype coin cells were assembled using a lithium metal 
negative electrode and a LiCoO2 positive electrode. The gavanolstatic charge-
discharge cycling was conducted on all of the three compositions (0.3M, 1.0M 
and 1.6M respectively) of phosphonium ionic liquid from 3.0 V to 4.2 V with a 
current rate at C/7, corresponding to a full charge/discharge of the cathode 
capacity in 7 hours. Figure 5. 8 shows the performance of the battery is 
significantly influenced by the concentration of LiTFSI. All three batteries possess 
high capacities of about 135 mA/h, a reasonable practical capacity for a battery 
with a LiCoO2 cathode and similar to conventional room temperature Li/Li ion 
batteries. However, the battery with the lowest concentration of LiTFSI (0.3M) 
suffers from significant/severe capacity loss during cycling, which decreases to 
about 20 mAg/h after 10 cycles along with low columbic efficiency. In 
comparison, the batteries containing the Mono-HexC10P-TFSI with 1.0M and 
1.6M LiTFSI exhibit superior performance. Specifically, about 90% and 80% of the 
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capacities remain after 20 cycles for the 1.6M and 1.0M respectively. High 
columbic efficiencies (>98%) are reached during the first few cycles. The high 
LiTFSI salt solubility of the phosphonium ionic liquid allows more lithium ions 
for transport in the battery while maintaining a low viscosity at high 
temperatures. Building on these encouraging results, a battery with the 1.6M 
LiTFSI Mono-HexC10P-TFSI electrolyte was run for a month at 100℃ and cycled 
for 70 times (C/7). The battery had an initial high capacity of ~ 135 mAh/g 
which decreased to 70 mAh/g after 70 cycles; this value still represents more 
than 50% of the initial capacity. An energy density calculation (Figure 5. 9) 
reveals the first cycle provides 503 Wh/kg and this value decreases to 268 
Wh/kg after 70 cycles. This later energy density meets than design requirements 
for powering a microsensor for several days of operation.  
An additional advantage of this phosphonium electrolyte is its significant 
dependence of conductivity with temperature providing a mechanism for 
switching the battery from off to on as well as minimizing power loss when 
stored at RT. The battery was charge-discharged at 100℃for 20 times and place at 
rest at room temperature for 2 weeks (Figure 5. 10). Upon heating and 
subsequent charge-discharged cycles, there is no significant loss of energy 
density (< 0.7%).  
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5.8 Conclusions 
In conclusion, a new thermally responsive ionic liquid electrolyte is 
reported based on a phosphonium cation, surrounded by inert long alkyl chains 
to provide superior thermal stability, which is coupled with a bis 
(trifluoromethanesulfonyl) imide (TFSI) anion (Mono-HexC10P-TFSI). An 
electrochemical stability window was observed spanning 5V versus Li+/Li 
ranging from 25℃  to 100℃ . At room temperature, the electrolyte shows 
relatively low conductivity (~ 0.01 mS/cm), comparable to those of the solid 
polymer electrolyte. Whereas at 100℃, the conductivity dramatically increases to 
1 mS/cm, affording more than 70 charge-discharge cycles with high specific 
energy, high columbic efficiency, and reasonable capacity retention. The 
phosphonium ionic liquids are compatible with lithium metal, which is the 
ultimate choice of negative electrode due to its highest specific capacity (~3860 
Ah/kg) among the known anodes, as they are able to form a stable solid 
electrolyte interface with lithium. Additionally, the compatibility with lithium 
metal allows us to avoid using graphitic carbon material, which is reported to be 
restricted in some of the ionic liquid systems because of side reactions such as 
ionic liquid cation intercalation into the graphite layers, leading to carbon 
exfoliation and large and irreversible capacity. To the best of our knowledge, this 
is the first successful example of a neat ionic liquid without additives that can 
safely and stably operate up to 100℃ in a rechargeable Li battery. 
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5.7 Methods and Materials 
General procedures and materials. 
All chemicals were purchased from Aldrich or Acros at highest purity 
grade and used without further purification. All reactions were performed under 
nitrogen atmosphere. 1H (400 or 500 MHz), 13C (101 or 126 MHz) and 31P (161 MHz) 
NMR spectra were recorded on Varian INOVA spectrometers. Electrospray mass 
spectra were obtained on an Agilent 1100 LC/MSD Trap with ESI and APCI 
sources. 
 
General Procedure for Preparation of Mono-phosphoniums 
 Trihexylphosphine (8.3 g, 29 mmol) and 1-chlorodecane (5.22 g, 29.6 
mmol) were mixed together and heated to 140℃ for 24 h to obtain mono-
HexC10Cl. Next, the mixture was placed under vacuum at 140℃ to remove any 
volatile components. A clear colorless liquid was obtained in 99% yield. 1H NMR 
(CDCl3): δ0.85-0.94 (t, 12, CH3); 1.21-1.38 (br, 24, CH2); 1.43-1.59 (br, 16, CH2-CH2-P); 
2.41-2.50 (br, 8, CH2-P). 13C NMR (CDCl3): δ 13.71 and 13.87 (CH3); 19.27 and 18.80 
(CH2-CH3); 21-22 (CH2); 28.75-31.60 (CH2-P). 31P NMR (CDCl3): δ35.46 (P+). HR MS 
(ESI): [M-Cl]+ found 427.4431 (theory: 427.4427). Elemental analysis: found: C, 
72.53; H, 13.18 (theory: C, 72.60; H, 13.20).  
 
General Procedure for Anion Exchange 
 Mono-HexC10Cl (7.75 g, 16.74 mmol) and LiTFSI (6.25 g, 21.76 mmol) 
were mixed together in 20 mL DCM/H2O (1: 1) solvents. The mixture was stirred 
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at room temperature overnight and washed by 3*15 mL of water. 1 N AgNO3 
solution was used to confirm the complete elimination of chloride anion. The 
organic layer is dried on anhydrous MgSO4 and the solvent is removed under 
reduced pressure.  
 
General procedure for rheology assays 
A TA AR1000 rheometer equipped with a Peltier temperature controller 
and a 20 mm aluminum (plane-plane) geometry was used for creep recovery 
experiments and a 12 mm steel geometry was used for G', E modulus and delta 
angle determination. All rheological measurements were performed at 25 °C and 
the viscosity data were reported at a frequency of 1 Hz.  The samples were dried 
prior to the measurements. 
 
Conductivity Measurement by Conductivity Meter 
The conductivity measurements were performed using a Conductivity 
Meter (K912, Consort) that has a 4-electrode cell to prevent the polarization error 
and fouling of the electrode. Ionic liquid electrolytes were dried at 100oC under 
high-vacuum overnight to remove any trace amount of moisture before testing. 
Samples were loaded in test tubes sealed with septum stopper in order to 
maintain N2 environment.  A heat block was used to control the temperature and 
stirring was maintained during the measurement to promote the homogeneity. A 
30-minute equilibration time was used at each temperature. 
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Battery Design and Setup 
The left schematic shown in Figure 5. 11 reveals the battery design, 
components, and assembled structure. Two stainless steel current collectors are 
located at the ends to create the sandwich-like battery. Li metal serves as the 
anode sitting on the bottom current collector. Two pieces of separators are put on 
top of the Li metal. The separators are porous membranes made of 
polypropylene in order to prevent electrical contact between the electrodes while 
allowing ions to pass through. The separators are soaked in the ionic liquid 
electrolyte prior to construction of the battery.  Next, carbon nanotubes are 
placed on top of the separator as the cathode.  The gasket and spacers or springs 
are then used to create an airtight seal of the battery and to hold and align the 
battery components together. The ions will flow in the inner circuit and the 
electrons will go through the outer electrical circuit. The right picture in Figure 5. 
11 shows the final constructed Li-ion battery.  All the battery components as well 
as the carbon nanotubes are dried in a vacuum oven at 70℃ overnight to remove 
moisture. The ionic liquids used as the electrolyte are dried at 100oC under high-
vacuum overnight before use.  The assembling steps are done in the glove box 
and then the battery is sealed. 
Discs (area=1.4cm2) of LiCoO2 cathode were punched out of the electrode 
film, and assembled into CR2032 coin cells along with equal-sized metal- lic 
lithium discs (Sigma–Aldrich, 0.75 mm thick) 
 
Cyclic Voltammetry 
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To analyze the electrochemical stability window 
lithium/lithium/platinum three-electrode system was assembled and sealed in 
the glove box. The experiments were carried out outside the glove box. The cells 
were equilibrated at 25 or 100 ◦ C in an oven. Then cyclic voltammetries at 1 mV 
s−1 between −0.2 V and 6.5 V versus Li+ /Li were carried out using a Princeton 
Applied Research VersaStat MC software. 
 
Battery Cycling 
A multichannel Maccor 4000 battery tester was used for cycle testing. The 
cells were equilibrated at 25 or 100 ◦ C in an oven. The potential window was 3.0 
V to 4.2 V at C/7.  
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n Figure 5. 1 Schematic of a phosphonium electrolyte based battery for 
downhole applications 
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n Figure 5. 2  Ionic liquids screening by conductivity  
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n Figure 5. 3 Conductivity curves of ionic liquids tested with different 
MonoHexLiTFSI and DiHexC10TFSI with different concentrations respectively 
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n Figure 5. 4 The investigation on the tolerance of the Mono-HexC10P-TFSI 
towards heat by TGA 
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n Figure 5. 5 Conductivity-viscosity relationship of Mono-HexC10O-TFSI 
with different concentrations ranging from 0 to 1.0M (Black: neat IL; Blue: 0.3M;  
Red: 1.0M; Yellow: 1.6M) 
  
132 
 
n Figure 5. 6 Cyclic voltammetry of MonoHexC10P-TFSI + 1.6M LiTFSI at 25℃ 
and 100℃. 
 
Figure 4. SEM pictures of (a) pristine lithium metal (embedded: zoomed in); (b) lithium metal after 
cycling at 100oC (surface, 2 um); (c) lithium metal after cycling at 100oC (surface, 200 nm); (d) lithium 
metal after cycling at 100oC (cross-section)  
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n Figure 5. 7 Gavalnolstatic charge-discharge cycling was conducted on all 
of the three compositions (0.3M, 1.0M and 1.6M respectively) of phosphonium 
ionic liquid with a current rate at C/7 
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n Figure 5. 8 Energy density calculation of cell cycling based on 
MonoHexC10P-TFSI + 1.6M LiTFSI composition 
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n Figure 5. 9 SEM pictures of (a) pristine lithium metal (embedded: zoomed 
in); (b) lithium metal after cycling at 100oC (surface, 2 um); (c) lithium metal after 
cycling at 100oC (surface, 200 nm); (d) lithium metal after cycling at 100oC (cross-
section) 
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n Figure 5. 10 Capacity retention with minimum loss at room tempeature 
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n  
n Figure 5. 11  Schematic of Li battery assembling 
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CHAPTER 6: Lithium Polymer Batteries Based on Poly (Ionic Liquids) 
 
6.1 Introduction 
6.1.1 Solid Polymer Electrolyte 
 As mentioned in Chapter 5, energy storage devices such as Li-ion batteries 
are widely used in the portable electronics market but the chemical instability of 
the traditional electrolyte results in safety issues and hampers the applications of 
rechargeable battery for use in more demanding conditions such as automotive, 
oil exploration, and mining, to name a few. Similar to ionic iquids, solid polymer 
electrolytes (SPEs) are also non-flammable and non-volatile. In addition, the 
immobility of solid polymers at a temperature range of interest allows for leak-
free electrolytes and the ability to prepare very thin electrolyte films by 
lamination. Thus, SPE is a new promising solution to replace the flammable and 
low boiling organic solvents electrolyte currently used today.[185, 192, 197, 198] 
 After P. V. Wright's discovery of ionic conductivity of poly (ethylene 
oxide) (PEO) in 1973, polymer electrolytes were proposed for batteries because 
they combine the advantages of solid-state electrochemistry with the ease of 
processing inherent to plastic materials. However, the biggest disadvantage of a 
PEO-based battery is it can only function at temperatures higher than 65℃ with 
conductivity around ~ 10-5 S/cm. Below this temperature, the conductivity 
dramatically decreases as a result of PEO crystallization. Consequently, 
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significant research efforts have explored modified PEO based structures in 
order to obtain a low Tg material with increased conductivity at room 
temperature. However, no effort to date has led to a “breakthrough” of 
performance for this class of material.[192] 
 
6.1.2 Our Previous Solid Polymer Electrolyte and Hypothesis 
SAXS study showed that a supramolecular assembly formed between a 
phosphonium based poly- (ionic liquid) and stearic acid had a lamellar structure 
with five sharp equally-spaced Bragg reflections corresponding to a 3.9 nm 
lamellar repeat period (Figure 6. 2). This lamellar repeat period, which was 
observed either at ambient humidity or under vacuum, was 0.5 nm greater than 
the lamellar repeat period previously observed for a PEI-stearic acid complex.  
Since the polystrenyl polymer should have a larger thickness than PEI, we 
proposed that the structure was similar to the model reported for PEI: stearic 
acid, with each layer composed of ionic sheets of PIL covering bilayers 
containing the highly tilted interdigited stearic chains of stearic acid. It is 
interesting to note that peak intensities of even order Bragg peaks (2q0 and 4q0 
peaks) were strongly reduced as compared to odd order peaks with the 5q0 peak 
being significantly more intense than the lower order 4q0 one.  This feature, 
commonly observed in symmetrical block copolymer systems self-assembled 
into a lamellar structure, can be attributed to a particular symmetry of the 
electron density profile in the periodic stacking, where the width of the electron-
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rich region (δH/2), corresponding to benzyl phosphonium-carboxylate group, is 
close to half the stacking period.[199] 
Based on these results, a solid polymer electrolyte (SPE), afforded by 
complexing a polystyrenyl phosphonium chloride (PSP) and stearic acid with 
ordered lamellar structure, was proposed. After mixing with Li salt, the space 
between each bilayers in the lamellar structure could provide channels for Li ions 
to transport. The ordered and loosely packed structure allows easier transport of 
Li ions in a battery and presumably will lead to high conductivity, instead of 
slow movement of Li ions with the tightly packed polymer chains on chain 
relaxation and give low conductivity (for example, in traditional SPE 
(polyethylene oxide).[200] We further propose that complexing with the 15-oxo-
2,5,8,11,14-pentaoxaoctadecan-18-oic acid, which contains multiple ethylene 
oxide units, will provide more oxygens to accommodate higher concentrations of 
Li salt. The trade off between the high concentration of Li salt and the affinity 
between the oxygen and the Li ion will be investigated. 
In order to lower the glass transition temperature of this complex, the 
anion was exchanged from chloride to TFSI. The properties of the PSP-stearic 
acid-TFSI complexes with or without 10 wt% of LiTFSI salt is also being 
investigated. 
 
6.2 Synthesis 
A polyphosphonium ionic liquid (PIL) was synthesized by free radical 
polymerization of 4-chloromethylstyrene and reacting the resulting polymer 
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with tributylphosphine under nitrogen in THF at 60℃. The solvent and excess 
starting material were then removed under high vacuum overnight. The PIL was 
complexed with stearic acid and 15-oxo-2,5,8,11,14-pentaoxaoctadecan-18-oic 
acid respectively to prepared the SPEs. 
For the next studies, both neat polymer and polymer doped with 10 wt% 
of LiTFSI were prepared. 
 
6.3 Preliminary Conductivity Measurements for PSP-Stearicacid complex 
6.3.1 Thin film casting 
The polymer was dissolved in THF at 1N concentration. The solution was 
droped onto a stainless steel disc and the solvent was evaporated at room 
temperature and then heated inside a glove box. After being dried, another 
stainless steel disc was placed on top to form a symmetric cell. The final 
symmetric cell was assembled into a coin cell and Electrochemical Impedance 
Spectroscopy (EIS) was conducted on the coin cell to determine the conductivity 
of the electrolyte film. 
 
6.3.2 Thickness of electrolyte film 
 The thickness of the polymer electrolyte film was determined by Scanning 
Electron Microscopy (SEM). Five samples were made for the neat polymer and 
polymer doped with 10 wt% LiTFSI, respectively. The thickness of each 
compostion is averaged by 5 samples. 
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6.3.2 Electrochemical Impedance Spectroscopy (EIS) 
Ionic conductivity is defined as the reciprocal of proper resistance (Rb). It  
is obtained by calculating 
σ = !!!! 
where l is the distance between the two electrodes and S is the mean area of the 
electrodes.  
The impedance analyzer is frequently used under an alternating current. 
The reliability of the observed impedance depends on the frequency applied, and 
decreases with increasing frequency. The experient is generally conducted with a 
frequency range from 10 Hz to 1 MHz. The highest frequency resistor is typically 
the bulk electrolyte resistance at that thickness, while the low frequency resistor 
is attributed to the SPE-electrode interface. From the Nyquist plot, the 
impedances of the neat polymer and polymer doped with 10 wt% LiTFSI can be 
read and the conductivites can be calculated. 
From our preliminary study, at 25℃ , the conductivities of the neat 
polymer and polymer doped with 10 wt% LiTFSI are both around 2.8e-4 S/cm, 
which is a high conductivity for solid polymer electrolyte at room temperature. 
This value is about ten times higher than that of the traditional PEO-based SPEs 
at room temperature. 
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6.5 Conclusions and Future Directions 
In summary, a supramolecular polymer was designed as a new type of 
solid polymer electrolyte. The lamellar structure of this polymer can presumably 
provide channels for Li ions to shuffle in between the electrodes. The ordered 
and loosely packed structure allows easier transport of Li ions in a battery and 
leads to high conductivity, instead of slow movement of Li ions with the tightly 
packed polymer chains on chain relaxation and give low conductivity. 
Preliminary conductivity measurement by Electrochemical Impedance 
Spectroscopy showed high conductivity at room temperature. Further studies 
will be conducted with this type polymer to optimize the electrolyte performance 
in terms of conductivity, mechanical strength, etc. 
 
6.4 Methods and Materials 
General procedures and materials. 
All chemicals were purchased from Aldrich or Acros as highest purity 
grade and used without further purification. All reactions were performed under 
nitrogen atmosphere. NMR spectra were recorded on Varian INOVA 
spectrometers [for 1H (400 or 500MHz), 13C (101 or 126 MHz) and 31P (161 MHz)]. 
Electro Spray mass spectra were obtained on an Agilent 1100 LC/MSD Trap with 
ESI and APCI sources 
 
Synthesis of trihexyl(4-vinylbenzyl)phosphonium chloride  
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 Under nitrogen, 4-chloromethylstyrene (3.4 g, 22.2 mmol, 1 eq) and 
trihexylphosphine (7.02 g, 24.4 mmol, 1.1 eq) were dissolved in 5 mL of 
acetonitrile. The mixture was stirred overnight at 60 °C. The solvent and excess 
of starting material were then removed under high vacuum overnight. The 
compound was used for the next step without further purification. 8.6 g of 
product was isolated (Yield: 88 %). Rf: 0.5 (DCM/Methanol, 95/5).  NMR 1H (400 
MHz, CDCl3): 0.86-0,9 (m, 9H), 1.24-1.47 (m, 24H), 2.38-2.45 (m, 6H), 4.29 (s, 1H), 
4.33 (s, 1H), 5.29  (d, J = 18 Hz, 1H), 5.76 (d, J = 18 Hz 1H), 6.69 (dd, J = 8 and 18 
Hz, 1H), 7.38-7.43 (m, J = 8 Hz, 4H). NMR 13C (101 MHz, CDCl3): 13.7, 18.5, 19.0, 
21.5, 22.1, 26.4, 26.8, 30.2, 30.4, 30.8, 114.5, 126.8, 128.2, 130.2, 135.7, 137.4. 
NMR 31P (161 MHz, CDCl3): 31.3. HRMS (ESI): [M-Cl]+ calcd 403.3494, found 
403.3487.  
 
Synthesis of poly-(trihexyl(4-vinylbenzyl)phosphonium chloride) 
In a Shlenck tube, the compound 1 (2.89 g, 6.6 mmol) was dissolved in 
anisol (3 mL). The dodecanethiol (65 mg, 0.33 mmol, 0.05 eq) and AIBN (1.6 mg, 
0.01 mmol, 0.0015 eq) were then added. The mixture was stirred overnight at 
70℃ . The reaction was stopped by cooling the mixture to room temperature and 
exposing it to oxygen. The polymer was precipitated in hexane and filtered. 2.44 
g of polymer was obtained (Yield: 84 %). All NMR signals appear as broad peak. 
NMR 1H (500 MHz, CDCl3): 0.84, 1.25, 1.43, 2.42, 6.41, 7.37. NMR 13C (126 MHz, 
CDCl3): 13.9, 18.7, 19.1, 21.7, 22.3, 30.2, 30.6, 31, 126.1-130.5. NMR 31P (161 MHz, 
CDCl3): 31.2. Size exclusion chromatography (SEC) was performed with 
  
145 
dichloromethane as the solvent at a flow rate of 1 mL/min as eluent through an 
Agilent PLgel 3mm Mixed-E 300×7.5mm column. The molecular weights were 
measured against polyethylene glycol standards.  SEC studies gave a molecular 
weight: 60000 g.mol-1 (PDI: 1.83). 
 
General Procedure for Anion Exchange 
 Mono-HexC10Cl (7.75 g, 16.74 mmol) and LiTFSI (6.25 g, 21.76 mmol) 
were mixed together in 20 mL DCM/H2O (1: 1) solvents. The mixture was stirred 
at room temperature overnight and washed by 3*15 mL of water. 1 N AgNO3 
solution was used to confirm the complete elimination of chloride anion. The 
organic layer is dried on anhydrous MgSO4 and the solvent is removed under 
reduced pressure. 
 
Synthesis of 15-oxo-2,5,8,11,14-pentaoxaoctadecan-18-oic acid 
Anhydrous pyridine (2 mL) was added first at 0℃ to succinic anhydride 
(2 g, 20 mmol, 2.1 eq). Tetraethyleneglycolmonomethyl ether (2 g, 9.6 mmol, 1 eq) 
was then added. The reaction mixture was stirred for 4 hours at room 
temperature. 20 mL of ice cold 1M HCl solution in water was added. The mixture 
was then extracted 3 times with 50 mL of DCM and the organic layer was 
washed once with 20 mL of brine. The organic phase was dried with Na2SO4 and 
the solvent was removed under reduced pressure. 2.76 g of product was isolated 
after chromatography (95/5, DCM/Methanol), (Yield: 93 %). Rf: 0.36 (90/10, 
DCM/Methanol). NMR 1H (400 MHz, CDCl3): 2.66 (s, 4H), 3.38 (s, 3H), 3.55-3.57 
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(m, 2H), 3.64-3.71 (m, 12H), 4.24-4.27  (m, 2H). NMR 13C (101 MHz, CDCl3): 29.0, 
29.3, 58.9, 63.8, 69.0, 70.4, 70.5, 70.6, 71.8, 172.2, 175,4. HRMS (ESI): [M+Na]+ calcd 
331.1369, found 331.1367 
 
General procedure for mixture preparation. 
The polymer (300 mg) was added to the corresponding carboxylic acid (1 
eq per charge). The mixture was dissolved in organic solvent (DCM or THF) and 
mixed to give a homogenous mixture. The solvent was then removed under high 
vacuum at 80 °C for 12 hours. 
 
General Procedure for Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) was performed using a Zeiss SUPRA 
40VP field emission SEM.  The sample was allowed to air dry overnight and was 
then affixed to an aluminum sample stub using copper tape.  The samples were 
imaged at an accelerating voltage of 2 kV.  The SEM image shows the space 
between the two stainless steel discs, which corresponds to the thickness of the 
polymer film. 
 
General Procedure for Electrochemical Impedance Spectroscopy (EIS) 
EIS measurements were performed with a Solartron Electrochemical 
Interface 1286 coupled to a Solartron Frequency Response Analyzer 1260. Scans 
ranged from 1 MHz to 100 mHz under an AC potential of 10 mV at open circuit. 
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The software Zsim (EChem Software) was used to fit the data and to generate 
impedance plots. 
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n Figure 6. 1 Monomer synthesis, polymerization and complexation of solid 
polymer electrolyte of interest 
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n Figure 6. 2 Lamellar features by X-ray study 
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n Figure 6. 3 Proposed Li-ion transportation mechanism in this SPE 
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n Figure 6. 4 Schematic of solid polymer electrolyte measurement by 
impedance analysis 
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n Figure 6. 5 Preliminary conductivities results of SPE without LiTFSI (top) 
and SPE with 10% LiTFSI (bottom) 
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SUMMARY AND DISCUSSION 
 
Ionic interactions represent key non-covalent interactions that are present 
in all aspects of nature and can be used effectively to create a wide variety of 
supramolecular assemblies. These interactions are weaker than covalent bonds, 
and are reversible, enabling the preparation of stimuli-responsive materials 
including those that can self-heal or self-repair under ambient conditions. 
Another consequence of this reversibility is that many of the materials possess 
interesting rheological properties such as viscoelasticity. Well defined assemblies 
can be prepared that possess short- and long-range order - as well as those that 
do not possess long range order- all by selection of the appropriate building 
blocks.  
We have designed, prepared and characterized six supramolecular 
polymeric assemblies based on ionic interactions.  We further examined the effect 
of side alkyl chain length on thermal and rheological properties of the materials 
and found that slight variations in the side alkyl chain length significantly 
affected the bulk macroscopic properties. For example, the viscosity (25℃) varied 
from 107 Pa.s to 104 Pa.s when the side alkyl chain length increased from butyl to 
octyl for the di-phosphonium/PAA networks.  The glass transition temperatures, 
G’ and G’’ values, the response to frequency and temperature, flow activation 
energy, and extent of creep-recovery are all influenced by the phosphonium 
composition. The side alkyl chain length affects the sterics surrounding the 
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phosphonium cation influencing the strength of the electrostatic interactions 
between the phosphonium cation and carboxylate anion. Specifically, shorter 
alkyl chain length leads to less steric and stronger electrostatic interactions, and 
greater rheological properties and vice versa. The reversibility test showed that 
the supramolecular networks are able to fully re-assemble without sacrificing the 
mechanical properties after network disruption due to shearing or temperature. 
In addidition, a bi-functionalized disulfide based diphosphonium ionic 
polymeric network was also designed and studied. Combining the reversibility 
of the disulfide bond with ionic interactions provides a direct switch between a 
network and a non-network. 
We have also synthesized a linear styrenyl phosphonium polymer using 
free-radical polymerization.  Different polymerization methods were utilized to 
afford a wide range of molecular weights and different degrees of polydispersity 
control. This polymer can be mixed with various anions to produce viscoelastic 
ionic assemblies or complexes with varying material properties.  The mechanical 
properties of these ionic materials can be systematically varied through choice of 
the coordinating anion – an aliphatic dianion affords a more glassy-like, brittle 
material whereas an aliphatic monoanion gives a viscoelastic material.  For one 
of the mono-anion assemblies (stearic acid - polystyrenylphosphonium 
assembly), the SAXS data provide insight into the structure-property relationship 
as a lamellar-like structure is formed where the hydrocarbon chains are inter-
digitated but can flow past each other under an applied stress giving the 
viscoelastic properties.  As this is the first report on these materials, additional 
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studies are planned to better understand the trends in properties with 
composition (e.g., varying the Mw of the polymer) as well as the origins of the 
macroscopic mechanical properties.  These results, in combination with those 
reported by others, provide data that are critical to understanding these 
polyelectrolyte-surfactant materials as well as to manipulating the properties for 
a specific application.  Continued research with new small molecule and 
macromolecular phosphoniums and their mixtures with mono- and multi-valent 
anions will lead to new materials with interesting structural and rheological 
properties. 
An interesting application of phosphonium ionic liquids is as electrolytes 
for energy storage devices. A new thermally responsive ionic liquid electrolyte is 
reported based on a phosphonium cation, surrounded by inert long alkyl chains 
to provide superior thermal stability, when coupled with a bis 
(trifluoromethanesulfonyl) imide (TFSI) anion (Mono-HexC10P-TFSI). An 
electrochemical stability window was observed spanning 5V versus Li+/Li 
ranging from 25℃  to 100℃ . At room temperature, the electrolyte shows 
relatively low conductivity (~ 0.01 mS/cm), comparable to those of the solid 
polymer electrolyte. Whereas at 100℃, the conductivity dramatically increases to 
1 mS/cm, affording more than 70 charge-discharge cycles with high specific 
energy, high columbic efficiency, and reasonable capacity retention. The 
phosphonium ionic liquids are compatible with lithium metal, which is the 
ultimate choice for a negative electrode, due to its highest specific capacity 
(~3860 Ah/kg) among the known anode Additionally, the compatibility with 
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lithium metal allows us to avoid using graphitic carbon material, which is 
reported to be unfavorable for use in some of the ionic liquid systems because of 
side reactions such as ionic liquid cation intercalation into the graphite layers, 
leading to carbon exfoliation and large irreversible capacity loss. To the best of 
our knowledge, this is the first successful example of a neat ionic liquid without 
additives that can safely and stably operate up to 100℃ in a rechargeable Li 
battery. 
Solid polymer electrolytes (SPEs) are a class of promising electrolytes. A 
supramolecular polymer is designed as a new type of solid polymer electrolyte. 
The lamellar structure of this polymer provides channels for Li ions to shuffle in 
between the electrodes. The ordered and loosely packed structure allows easier 
transport of Li ions in a battery and presumably will lead to high conductivity, 
instead of the slow movement of Li ions in tightly packed polymer chain systems 
which afford low conductivity. Preliminary conductivity measurement shows 
high conductivity at room temperature. Further studies will be conducted with 
this type polymer to optimize the electrolyte performance in terms of 
conductivity and mechanical strength. 
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